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HABITAT FRAGMENTATION AND HABITAT DETERIORATION
Habitat fragmentation has a major impact on the performance and survival of plant 
species, and is a major threat to biodiversity (Saunders et al. 1991, Tilman et al. 1994). 
Habitat fragmentation has led to populations of many plant species becoming ex-
tinct, severely and dangerously reduced in size, or highly isolated. Small population 
size can affect demographic processes which strongly influence the dynamics and 
genetic composition of populations, and may therefore be detrimental to population 
persistence. For example, small populations are more likely to suffer from reproduc-
tive failure due to low mate availability (i.e., the Allee effect; see Stephens et al. 1999) 
and attract fewer pollinators than large populations (Jennersten 1988). Small popula-
tions are also expected to have a reduced ‘buffering capacity’ (in terms of numbers of 
individuals) against environmental stochasticity. Reduced numbers of pollinators can 
result in lower pollination success, which can subsequently reduce the level of out-
crossing and increase the rate of self-fertilisation.
Small populations also face greater extinction risks due to genetic factors such as 
fixation of deleterious alleles and reduced offspring fitness through genetic drift and 
inbreeding (Menges 1991, 1992, Barrett and Kohn 1991, Young et al. 1996). Small 
populations may be subject to loss of genetic variation due to genetic drift, reducing 
their capacity to adapt to changing environmental conditions (Ouborg and van Treu-
ren 1995). As a consequence, small populations may be more susceptible to environ-
mental stress. Genetic deterioration can therefore indirectly affect plant performance 
and population persistence.
Like habitat fragmentation, habitat deterioration can also seriously decrease plant 
biodiversity (e.g., Bobbink et al. 1992). Increased agricultural activities and other 
anthropogenic factors have led to dramatic changes in environmental conditions du-
ring the last decades. Increased atmospheric deposition and the resulting soil eutrop-
hication and acidification have been put forward as major causes of the recent decli-
ne of several endangered species especially in nutrient-poor grassland and heathland 
communities (Roelofs 1986, Aerts et al. 1991, Uren et al. 1997, Lee and Caporn 1998). 
Another effect of reduced habitat areas is that smaller habitat patches are likely to be 
more vulnerable to external influences than large patches, as smaller patches have 
relatively more surrounding environment than large patches (Saunders et al. 1991). 
Habitat patch conditions are influenced by changes in the surrounding environment 
(such as eutrophication, drainage etc.), and changed habitat patch conditions might 
affect the viability and persistence of the populations occurring on those patches 
(Bakker and Berendse 1999). All these processes will eventually directly or indirectly 
increase the extinction risk for these populations, which may thus decrease the popu-
lation size.
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In recent decades, many habitats of plant species have deteriorated, and have become 
more and more fragmented. Several species-rich, nutrient-poor vegetation types, 
which were once very common in Western Europe, have now become rare and their 
biodiversity has been reduced. Ongoing habitat fragmentation and habitat deteriora-
tion will further reduce the number and size of the remaining populations.
INTRODUCTION AS A RESTORATION TOOL
Several restoration measures can be taken to preserve and restore small and threa-
tened plant populations in fragmented and deteriorated habitats. Earlier studies have 
found, however, that measures which successfully restored the environmental condi-
tions did not always result in recolonisation by target species (De Graaf et al. 1998a). 
It became clear that, next to environmental conditions, recolonisation largely depen-
ded on the availability of a viable seed bank and on the dispersal and colonisation 
capacities of the species (Bekker 1998, Poschlod and Bonn 1998). Many of the threa-
tened species, however, lack a viable seedbank (Ehrlén and van Groenendael 2001), 
and distances from the nearest source populations have become too large for the 
target species to recolonise. Therefore, many of the more recent restoration measures 
aim at increasing dispersal and recolonisation, or, more drastically, at the introduc-
tion of individuals.
Recolonisation can be stimulated by increasing the connectivity between remaining 
populations, by increasing the number of potential habitat patches, and by increasing 
the colonisation capacity of the species. Colonisation capacity can be increased by in-
creasing the population size (via introduction), so that more seeds will be produced.
Enlarging populations can also counteract the negative effects of small population 
size. Introduction measures in remnant populations might also reinforce the genetic 
composition of the populations through recombination among variable parental 
genomes, which might result in increased levels of heterozygosity and hence in in-
creased progeny fitness (i.e. heterosis) (Hedrick 1995, Westemeier et al. 1998, Madsen 
et al. 1999, Ingvarsson 2001). Introduction measures may thus be useful to reinforce 
small and endangered populations in the near future. In situations were species have 
gone extinct, introduction may be proposed as a restoration measure to re-establish 
populations that were once lost.
PREREQUISITES AND RISKS
Although introductions have been regularly applied (McMahan 1990, Maunder 
1992), in the Netherlands, they are still the subject of debate. A distinguish seems to 
be made between plant introductions and animal introductions, as plant introducti-
ons are being extensively debated, whereas introductions of animals seem to be more 
generally accepted and commonly applied. The debate on the risks of introducing 
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plants as a restoration tool has focused on ethical as well as scientific arguments. The 
ethical arguments are largely determined by the moral justification of introduction. 
On moral grounds, introduction is generally regarded as a falsification of nature by 
manipulating the species composition (Weeda 1997). In recent years, the debate on 
introduction has increasingly come to be based on scientific arguments relating to its 
effects on vegetation and community development and genetic consequences (Londo 
1997, Van Groenendael et al. 1998, Strykstra 2000). In this debate, introduction is 
regarded as a useful tool to restore biodiversity and preserve threatened species from 
extinction. The present thesis focused on the scientific aspects of introduction, dis-
cussing the major risks and prerequisites for successful introduction. At present, the 
success of introductions is still highly variable and clear risk assessments have hardly 
been done (Manchester and Bullock 2000.) In addition, most of the introduction ef-
forts have so far been largely based on trial-and-error. In order to minimise the risks 
and maximise the success of introduction as a management measure, some prerequi-
sites should be met and possible problems should be addressed prior to introduction 
(Hodder and Bullock 1997, Van Groenendael et al. 1998, Strykstra 2000).
First of all, it has been shown that the suitability of the target area can affect the 
germination and establishment of target species in species-rich grasslands and wet 
heathlands (De Graaf et al. 1998b, Dorland et al. 2000, Strykstra 2000), which can 
affect the success of introduction. To improve the chances of success, environmental 
conditions such as climatic or microclimatic circumstances, soil conditions and other 
abiotic factors can be measured and related to the ecological characteristics of the 
target species before actual introduction. If the ecological characteristics of the target 
species diverge from the actual environmental conditions of the target site, manage-
ment measures can be applied to restore or change these environmental conditions.
Second, the origin and type of source material used for introduction is expected to 
affect introduction success, as it is necessary to introduce individuals with a high fit-
ness to maximise the chances of successful establishment or re-establishment of a po-
pulation (Van Groenendael et al. 1998). After all, the introduced individuals should 
be able to colonise a new area, and subsequently have a high reproductive capacity 
so as to develop into a viable population. The effect of the genetic variability of the 
introduced individuals must be ascertained, as this might directly influence the ge-
netic variability of the future population. A high genetic variability and reproductive 
capacity may be particularly important as introduced populations are generally rather 
small and isolated at first. It is likely that low levels of genetic variation result in re-
duced fitness in small and isolated populations, due to the negative effects of small 
population size and the lack of input of new genotypes via dispersal. Eventually, this 
might result in long-term detrimental effects on population viability and persistence 
(Williams, 2001). To establish a genetically variable population and/or to introduce 
genetically highly variable plants, large source populations may be preferable to small 
source populations, as several studies have shown relationships between population 
size and genetic variation (Raijmann et al. 1994; Oostermeijer 1996a; Fischer & Mat-
thies 1998; Young et al. 1999; Luijten et al. 2000).
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Third, insufficient adaptation of the introduced species to various site-specific envi-
ronmental factors is thought to seriously affect the success of introduction measures, 
both directly and indirectly. Individuals may, for example, be genetically adapted to 
specific environmental conditions. When plants from such a population are selected 
for introduction, these may be poorly adapted to the environmental conditions of 
the target site, which may directly result in reduced plant fitness. On the other hand, 
when plants are introduced in a remnant population which is locally adapted, the 
input of new genes might disrupt local adaptation by breaking up local co-adapted 
gene complexes. This process will result in reduced progeny fitness (a process called 
outbreeding depression; Templeton 1986, Rhymer & Simberloff 1996, Montalvo & 
Ellstrand 2001), and might thus indirectly affect introduction success. Populations 
that are in need of introduction measures, or are already the subject of introduction 
schemes, are usually small and isolated. These populations are more likely to be lo-
cally adapted, since they have a low level of gene flow from other populations. High 
levels of gene flow (i.e., when dispersal is common) lead to a continuous mixing of 
genotypes among various populations, and make local adaptation less likely to hap-
pen (Antonovics et al. 1984, Galloway and Fenster 2000, Ouborg and Eriksson 2004). 
In isolated situations, however, gene flow does not override the results of selective 
processes, and plants can become adapted to their local environment. When there is 
a considerable risk of outbreeding depression, introduction may not be the best res-
toration tool to preserve these populations. On the other hand, when large numbers 
of unrelated individuals are introduced, the best adapted genotypes may outcompete 
poorly adapted genotypes by natural selection (Tecic et al., 1998). Moreover, if mate-
rial is collected from a limited number of sources, founder effects are likely to occur 
(Provine 1989). When the introduced population is small and isolated, the levels of 
genetic variation in this introduced population will be determined by the number 
and genetic diversity of founders (Barrett and Kohn 1991, Hedrick 2000). Multi-sour-
ce introductions, using several (non-local) source populations, may then be suggested 
as an introduction strategy to diminish future inbreeding effects and minimise the 
risk of introducing maladapted individuals.
For conservation biology, it is important to know to what extent the success of intro-
duction is affected by the choice of source material (i.e. single-source versus multi-
source, large versus small populations, local versus non-local populations) in relation 
to habitat quality.
OBJECTIVES OF THE PRESENT STUDY
In the above, we have outlined the complexity of the problems relating to introduc-
tion and the selection of an optimal introduction strategy. To assess the possible ne-
gative effects of introduction, it is essential to understand the processes which might 
affect population viability and persistence, as well as the mechanisms by which these 
might affect introduction success. The main question in the studies reported on in 
the present thesis was therefore to assess the prerequisites for successful introduc-
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tions, and to develop scientifically based guidelines for introductions in different 
circumstances. Prior to introduction, it is necessary to clarify the reason(s) for the 
decline of the species. We therefore assessed the effects of habitat fragmentation and 
deterioration on the survival probabilities of three threatened plant species from nu-
trient-poor grasslands and heathlands.
The major objectives of the research underlying this thesis were:
1.   to assess the effect of habitat fragmentation and habitat deterioration on plant 
performance by threatened plant species from nutrient-poor grassland and 
heathland systems;
2.   to investigate the possibility of using introduction as a tool to restore threatened 
plant species in fragmented and deteriorated landscapes;
3.   to determine which strategy should be applied under various circumstances to 
achieve successful introduction.
SPECIES STUDIED
The studies reported on in this thesis used three plant species of species-rich and 
nutrient-poor grasslands: Arnica montana L. (Asteraceae), Gentiana pneumonanthe L. 
(Gentianaceae) and Succisa pratensis Moench (Scabiosa succisa L.) (Dipsacaceae). Nu-
trient-poor grasslands and heathlands have suffered from habitat fragmentation and 
deterioration, and are currently highly endangered in Western Europe (Bobbink et 
al. 1992). All three species are long-lived, perennial herbs, which are, to different de-
grees, suffering from habitat fragmentation and habitat deterioration. Arnica montana 
has been restricted to remnant populations since the early twentieth century, and at 
present occurs only in a few small and isolated patches (Luijten 2001). Populations of 
Gentiana pneumonanthe have become fragmented more recently. The species still oc-
curs in a few large and many small populations (Oostermeijer 1996b). Succisa pratensis 
is still fairly common, but its distribution area has decreased dramatically during the 
last decades. In the Netherlands, all three species have been listed in the Red Data List 
(Van der Meijden et al., 2000).
Arnica montana produces relatively large yellow flowers, and flowers from May till 
July. The flowers are highly self-incompatible (Luijten et al. 1996). The species repro-
duces both sexually and asexually by either seeds or short rhizomes. In the Nether-
lands, the species is characteristic of dry nutrient-poor and species-rich grasslands 
and heathlands.
Gentiana pneumonanthe flowers from August till October with large blue flowers. The 
species is fully self-compatible, but produces limited numbers of seeds in the absence 
of pollinators (Petanidou et al. 1995). The species reproduces predominantly sexually 
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by means of seeds (Oostermeijer et al., 1994). In the Netherlands, Gentiana pneumo-
nanthe mainly occurs on nutrient-poor wet heaths and species-rich grasslands.
Succisa pratensis is a predominantly outcrossing perennial that flowers from July until 
October (Adams 1954). The flowers are blue to purple-pink or white in colour, for-
ming a compact head. Although the flowers are self-compatible, insect pollination is 
presumed to be necessary, as non-visited flowers produce few viable seeds (personal 
observation). Just like Arnica montana, the species reproduces sexually by seeds and 
asexually by short rhizomes. In the Netherlands, Succisa pratensis occurs on various 
types of nutrient-poor grassland, such as matgrass swards, unfertilised hay meadows 
and heathlands.
OUTLINE OF THIS THESIS
We studied small and fragmented plant populations that suffer from habitat frag-
mentation and habitat deterioration. We analysed their genetic variation, fitness and 
habitat characteristics, and examined introduction and the genetic reinforcement of 
small populations as management measures for three species from nutrient-poor gras-
slands.
This thesis consists of six research chapters, in which the three research questions are 
analysed and implications for management are discussed. The first two research chap-
ters deal with aspects of plant performance in relation to population size, genetic va-
riation and habitat quality (i.e., research question 1). The next four research chapters 
analyse several introduction strategies which might well affect introduction success 
(i.e., research questions 2 and 3). Chapters 4 – 7 report on research testing the effect 
of alternative introduction strategies and habitat quality on the initial introduction 
success, in terms of plant performance, genetic variability as a function of inbreeding, 
local adaptation and heterosis. They also discuss different introduction strategies, 
such as the use of related or unrelated source material, and local or non-local, small 
or large populations, or the use of one or several populations.
Chapter 2 extensively analyses the performance of the perennial Succisa pratensis in 
relation to population size, genetic variation and habitat quality, in order to assess 
the effect of genetic variation, habitat deterioration and population size on plant 
fitness. We measured natural seed production in 17 populations of different sizes. To 
determine offspring performance, various fitness parameters were analysed in the 
greenhouse. A path analysis model was applied to analyse possible relationships bet-
ween population size, genetic variation, habitat quality and plant performance.
Chapter 3 analyses the effects of population size and genetic variation on the res-
ponse of Succisa pratensis to environmental stress, using an experimental set-up in 
the greenhouse. Plants originating from populations of different sizes were subjected 
to environmental stress, mimicking eutrophication or acidification. These analyses 
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address questions such as whether there is a relation between population size and 
genetic variation, whether smaller populations have a lower genetic variability than 
large populations, whether deteriorated habitat quality supports smaller populations, 
whether plants in small populations show poorer performance, and whether habitat 
quality, genetic variation and population size interact in affecting plant performance.
Chapter 4 analyses the effect of habitat quality on introduction success on the ba-
sis of a study introducing Arnica montana at undisturbed sites and at sites to which 
various restoration measures were applied. These restoration measures included turf 
cutting, liming and a combination of the two, measures which have been widely app-
lied in the Netherlands to reduce the negative effects of eutrophication, acidification 
and competition with other species. In addition to the effects of habitat quality, we 
also tested the effect of single-source versus multi-source introductions on the success 
of introduction. This was examined by introducing related and unrelated juvenile 
plants originating from a large population and measuring their establishment and 
viability during the first 4 years after introduction.
The evidence for local adaptation and the possible effect of local adaptation on in-
troduction success are addressed in chapter 5. Local adaptation was examined in the 
herbaceous species Arnica montana, Gentiana pneumonanthe and Succisa pratensis. In 
addition, this chapter analyses the effect of restoration measures on local adaptation 
and the success of introduction, as it was expected that restoration measures could 
interfere with the effect of local adaptation. To test this assumption, plants were re-
ciprocally transplanted between two field sites, which were undisturbed (control), or 
had been subjected to either turf cutting or to turf cutting and liming regimes. To in-
vestigate the effect of different life stages on the expression of local adaptation, both 
seeds and juvenile plants were transplanted.
Chapter 6 reports on an experiment testing the potential for inbreeding, heterosis 
and/or local adaptation after the introduction of artificial populations of Succisa pra-
tensis. In this study, individuals from local and distant artificial populations, created 
from either small or large populations, were introduced in the field. The artificial 
populations were created with the same census population size but effective popula-
tion sizes were varied by adjusting the relatedness of individuals. After 1.5 years, the 
performances of selfed and intra-population crosses were compared. In particular, 
we addressed questions such as whether multi-source introductions are more succes-
sful than single-source introductions, whether there is evidence for local adaptation, 
whether local adaptation is an important consideration in introduction measures and 
whether introduced non-local populations show potential for heterosis or outbree-
ding depression.
Management measures such as turf cutting are regularly taken prior to introduction, 
to restore proper soil conditions, and we have analysed the further effects of these 
management measures on plant performance. Chapter 7 focuses on the negative side 
effects of turf cutting on soil biota such as arbuscular mycorrhizal fungi (AMF). In-
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teractions between AMF and plants have traditionally been regarded as mutualistic, 
increasing plant performance especially in nutrient-poor environments. Since most 
AMF species are thought to occur in the upper soil layer, turf cutting might seriously 
affect the AMF communities and hence plant performance. This chapter analyses the 
effect of turf cutting on spore numbers and spore recolonisation of AMF, including an 
experiment conducted in the greenhouse to examine the effect of arbuscular mycor-
rhizal species on the performance of Arnica montana. The main research questions of 
this study were whether turf cutting affects AMF communities and whether plant per-
formance was reduced after turf cutting because of a lack of arbuscular mycorrhizal 
species.
Chapter 8 summarises and discusses the results of the previous chapters, and addres-
ses the implementation of introduction as a restoration measure.
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SUMMARY
We studied performance of 17 Dutch populations of the perennial Succisa pratensis, 
in relation to population size, genetic variation and habitat quality. We used a path-
analytic model to analyse the possible relationships between these variables and per-
formance.
Plants in smaller populations produced fewer seeds per flower head. Their seeds had 
lower germination rates and higher seedling mortality, and more seeds were dormant 
or non-viable. Population size was also correlated with genetic measures. Small popu-
lations had higher inbreeding coefficients than large populations and observed hete-
rozygosity was positively correlated with population size. The mean genetic diversity 
(expected heterozygosity) was relatively high (H
exp
 = 0.42), but not correlated with 
population size. Less eutrophic habitats appeared to support larger populations. High 
concentrations of NH
4
 and NO
3
 in the soil were significantly negatively correlated 
with population size. Path-analysis showed that Succisa pratensis is vulnerable to habi-
tat deterioration (eutrophication). Population size was strongly influenced by habitat 
quality. Reduced performance however was better explained by direct genetic effects 
and by habitat deterioration rather than by effects of population size per se. Both ha-
bitat quality and genetic effects are thus important for population persistence, even 
in the short term. The results suggest that there will be a continuing decline of the 
small populations, due to deteriorating habitat conditions, decreased genetic varia-
tion and a reduced reproductive capacity.
INTRODUCTION
Over recent decades, many plant species have been affected by both deterioration 
and fragmentation of their habitats, due to factors such as increasing atmospheric de-
position of nitrogen and sulphur compounds, changes in land-use and lack of proper 
management. As a consequence, populations of many species are small, fragmented 
and isolated, and are believed to suffer from higher extinction risks (Jennertsen et al. 
1992, Menges 1991, 1992, Vitousek 1994). The probability of such stochastic extinc-
tions is determined by environmental, demographic and genetic processes which are 
all strongly related to population size, fragmentation and isolation (Schaffer 1981, 
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1987). Environmental stochasticity initially was considered to be the most important 
threat to population persistence (Boyce 1992). However, many recent studies have 
shifted their attention towards genetic processes.
Small populations are likely to suffer from loss of genetic variation and fixation of 
deleterious alleles due to genetic drift (Barrett and Kohn 1991, Boyce 1992, Ellstrand 
and Elam 1993, Young et al. 1996) and these effects may be exacerbated by fragmen-
tation and isolation (Wright, 1969). Several studies have shown relationships bet-
ween population size and genetic variation and the level of inbreeding might also be 
higher in small and isolated populations (Barrett and Kohn 1991). It is therefore like-
ly that population fitness (i.e. average individual fitness) will be reduced, since inbred 
offspring are generally outperformed by those of unrelated individuals (inbreeding 
depression) (e.g. Charlesworth and Charlesworth 1987, Husband and Schemske 1996, 
Menges 1991). Both inbreeding and the loss of genetic variation lead to reduced aver-
age individual fitness in several species (Fischer and Matthies 1998b, Ouborg and van 
Treuren 1995, Raijmann et al. 1994).
Demographic processes affecting the dynamics and genetic composition of small 
populations can be influenced by population size and may therefore be detrimental 
for population persistence. The Allee effect (Lande 1988) further implies that there is 
a threshold population size below which populations cannot recover. For example, 
larger populations appear to attract more pollinators, resulting in higher pollination 
success, whereas small populations may suffer from low visitation rates (Ågren 1996), 
reducing the level of outcrossing and increasing the rate of self-fertilization (Jen-
nersten 1988, Lamont et al. 1993, van Treuren et al. 1994).
Habitat deterioration can also be a strong determinant of population viability and 
persistence. This factor is independent of population size and can cause detrimen-
tal effects on population persistence by inhibiting growth, reducing seed set and 
decreasing offspring performance in small populations (Dueck and Elderson 1992, 
Oostermeijer et al. 1994, Pegtel 1994, Widén 1993), but its effects may be difficult to 
separate from those of genetic and demographic processes.
For conservation purposes it is important to assess how, and to what extent, habi-
tat quality interacts with genetic and demographic processes and how this affects 
population persistence and performance in small and isolated populations. Studies 
assessing plant performance have generally considered the effects of either genetic or 
demographic processes in declining populations. Genetic variation, population size 
and habitat quality can however all affect performance, and may affect not only rare, 
endangered species, but also common species suffering from fragmentation and habi-
tat deterioration. Despite the potential value of studies including the effects of these 
processes on plant populations and individual plant performance, we know of none 
where all three are considered.
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We therefore studied 17 populations of the perennial Succisa pratensis from The Net-
herlands that differed widely in population size. Genetic variation, population size, 
soil conditions and performance of these populations were measured and analysed. A 
path-analytic model was used to separate and quantify the relative direct and indirect 
contributions of each of the three factors on plant performance.
MATERIALS AND METHODS
Study species and sites
Succisa pratensis Moench (Scabiosa Succisa L.) is a herbaceous, long lived perennial. 
In The Netherlands, it occurs in various types of low-productivity grasslands such as 
heathlands and unfertilised hay meadows, as well as being a characteristic species of 
calcareous fens (Adams 1954). This iteroparous, hermaphroditic species flowers from 
late July until October. Although the flowers are self-compatible, insect-pollination is 
presumed to be necessary since non-pollinated flowers produce very few viable seeds 
(pers.obs.). In addition to reproducing sexually via seeds, Succisa pratensis sporadically 
forms daughter rosettes at the end of short stolons, giving it limited potential for clo-
nal growth (Adams 1954).
In The Netherlands, Succisa pratensis is still quite common, but due to changes in 
land use, habitat fragmentation and habitat deterioration, its area of distribution de-
creased by 74% since 1935 (Van der Meijden et al. 2000). The remaining populations 
are isolated from each other and many are small. In 1999, we selected 17 populations 
from throughout the Netherlands that were representative of the entire range of dis-
tribution and population size on nutrient poor grasslands (Figure 1.). 
Figure 1  Map of The Netherlands showing the locations of studied populations of Succisa pratensis.
  
N
100 km
04_02.ind 09-09-2005, 15:2023
Chapter 2
24
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Population size
Population size was assessed by counting flowering individuals during peak flowe-
ring. Populations larger than 1000 flowering individuals were estimated by counting 
the number of flowering individuals in a tenth of the population area, extrapolating 
to the whole area. The number of flowering plants in the sampled populations ranged 
from 25 to 30000.
Genetic variation: allozyme electrophoresis
Within each population, leaf samples and intact seeding main flower heads were col-
lected from 25 - 30 randomly selected flowering individuals, regularly spaced across 
the population. Except for the smallest population, with 25 flowering individuals, 
where all flowering individuals were sampled. Sampled leaves were kept on ice until 
further analysis. Seeds from the main flower heads were germinated and grown in 
the greenhouse (see below) for 24 weeks, when leaf tissue was used for allozyme elec-
trophoresis. Leaves were homogenised in the laboratory within 24 h of harvesting. 
All sample preparation for electrophoresis was carried out on ice (i.e. between 0 and 
4 °C). Approximately 60 mg of leaf material was homogenised in 200 µl of an extrac-
tion buffer containing 0.1 M Tris-buffer, 7 % w/v sucrose, 10 % w/v PVP-40, 0.25 M 
ascorbic acid, 0.02 M DIECA, 0.02 M metabisulphite, 0.2 M Borax, 0.01 M DTT and 
10 mM MgCl
2
. The pH was adjusted to 7.0. After spinning at 13000 rpm at 4 °C for 10 
minutes, the supernatant was soaked onto Whatman 3 MM chromatography paper 
wicks for insertion into 12.5 % (w/v) starch gels (Ayala et al. 1972). The remaining su-
pernatant was stored at – 80 °C for further analysis.
Enzyme systems for analysis were selected on the basis of their allowing simple inter-
pretation of clear banding patterns. Eight loci belonging to 7 enzyme systems were 
selected: phosphoglucoisomerase (GPI-1 and 2; E.C. number 5.3.1.9), shikimate de-
hydrogenase (SKD; 1.1.1.25), 6-phosphoglucodehyrogenase (6-PGD; 1.1.1.44), isoci-
trate acid dehydrogenase (IDH; 1.1.1.42), NADH dehydrogenase (NADHdh; 1.6.99.3), 
malate dehydrogenase (MDH; 1.1.1.37) and aspartate aminotransferase (AAT; 2.6.1.1). 
For the analysis of the enzyme systems AAT, GPI-1, GPI-2, MDH, NADH a lithium-bo-
rate buffer system (pH 8.3) was used following the procedures described  in Soltis and 
Soltis (1989). For the enzyme systems IDH, 6-PGD and SKD we used starch gels con-
taining a tris-borate-EDTA buffer system (pH 8.6) derived from Shields et al. (1983). 
Standard enzyme staining procedures were used according to Soltis and Soltis (1989).
Plant performance
For each population, flower stems and flower heads were counted,  and intact seeding 
main flower heads collected, on 25 - 30 randomly selected flowering individuals. The 
seeds of the main flower heads were counted and weighed on a microbalance in the 
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laboratory. Seeds were then placed on wet filter paper in Petri-dishes (one seed family 
per dish) at a day/night regime of 16/8 h, with a temperature of 25/20 °C. Germi-
nation was counted every two days and the germination rate was calculated for the 
period where the slope of the regression line through the germination curve was stee-
pest (day 8 to 15 after sowing). Eight weeks after the start of the experiment, when 
no further germination occurred, the total number of seedlings was counted (total 
germination) as well as the total number of seedlings that had died (seedling morta-
lity). The number of Petri-dishes with any germination was used as an indication of 
the percentage of ‘productive plants’. Seeds that did not germinate were checked by 
squeezing them with a pair of tweezers: when the embryo was soft or ‘slimy’, we as-
sumed that it had been attacked by a fungus or died in another way, otherwise, seeds 
were assumed to be dormant or non-viable.
One individual seedling per family was planted in a plastic pot containing a 1:1 mix-
ture of potting compost and sand and grown in the greenhouse. The aboveground 
biomass was estimated non-destructively after 1, 2, 4, 6, 12 and 24 weeks, based on 
the product of the number of leaves of the rosette and the length and width of the 
largest leaf. The RGR was calculated for these periods as the slope of the regression 
line through the estimated aboveground biomass curve divided by the estimated bio-
mass after 24 weeks. Regression of the estimated aboveground biomass and the actual 
dry weight was highly significant (R2 = 0.909, df = 73, p < 0.0001).
Field sites: soil conditions
For each of the 17 study sites 15 topsoil samples (depth 10 cm, diameter 3.0 cm) were 
taken with an auger, after removal of vegetation and litter, every 3 months from April 
to November. Samples from each site were mixed and stored in polyethylene bags at 
4 °C until further analysis. In all samples, water extractable NO
3
 and o-PO
4
 (suffix 
wa
) 
were measured, as were exchangeable NH
4
, P, S, Al, Ca, Mg and K (suffix 
ex
) after 0.2 M 
NaCl solution extraction. Soil pH was measured after water extraction, organic matter 
fraction by combusting soil for 4 h at 550 °C and soil humidity by drying fresh soil 
for 24 h at 70 °C. The concentrations of o-PO
4
, NO
3
 and NH
4
 were measured colori-
metrically and corrected for colour caused by humic acids. K was determined by flame 
photometry (Technicon Flame Photometer IV) and P, S, Al, Ca and Mg by inductively 
coupled plasma emission spectrophotometry (ICP; Jarrell Ash IL Plasma-200).
Data analysis
The computer application POPGENE version 1.31 (Yeh et al. 1997) was used to calcu-
late the proportion of polymorphic loci (P, 99% criterion), the observed and expected 
heterozygosity (H
obs
 and H
exp
; Levene, 1949), the effective number of alleles per lo-
cus (A; Kimura and Crow 1964) and Nei’s genetic identity (I; Nei, 1978). Inbreeding 
coefficients (F
IS
) were calculated by comparing H
obs
 and H
exp
 (Wright, 1978). Linear 
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regression analyses were performed to study the effect of population size on genetic 
variation. Population size was log-transformed in all analyses. Similar analyses were 
performed to test for differences in plant performance between the sampled popula-
tions and the effect of population size on the various measures of plant performance. 
Differences between sites in soil conditions were analysed by one-way ANOVA and 
regression analysis was used for the effects of this variation on population size. All 
statistical tests were performed with SPSS 10.0. Path analysis (structural equation mo-
deling) was used to test causal relationships between population size, soil conditions 
and genetic variation on plant performance. All measured individual plant perfor-
mance parameters were included in a latent variable ‘plant performance’. In such a 
path analysis, genetic drift and inbreeding are described by the proposed causal relati-
onship between population size and genetic variation. Furthermore, effects of habitat 
deterioration are described by the hypothesised causal effects of soil conditions on 
population size and plant performance, and the effects of demographic stochasticity 
by the hypothesised causal effect of population size on plant performance. We used 
the AMOS 4.01 software package (SmallWaters Corporation, Chicago, IL., USA) to 
design the model and calculate path coefficients, squared multiple correlations, direct 
and indirect effects and model fit. In order to test the goodness-of-fit of the model we 
analysed the χ2-statistics and three non-χ2-distributed fitting functions (comparative 
fit index, CFI; normed fit index, NFI and Tucker-Lewis index, TLI). 
RESULTS
Effects of population size on genetic variation
All genetic parameters showed significant variation between the sampled populations 
(p < 0.001). For the inbreeding coefficient (F
IS
) and the observed heterozygosity, this 
variation was significantly associated with population size (Table 1). Observed hete-
rozygosity was positively correlated with population size and relatively high, varying 
from 0.30 to 0.56 with a mean of 0.40, whereas expected heterozygosity was 0.42, 
ranging from 0.27 to 0.49, and was not correlated with population size. The inbree-
ding coefficient showed a highly significant negative correlation with population size 
(Figure 2), but only fell below zero (indicating heterozygote excess) in large populati-
ons with over 10000 flowering individuals. The proportion of polymorphic loci was 
high (average 0.91) and independent of population size. The average number of effec-
tive alleles was not correlated with population size.
In the samples taken from seedlings developed from collected seeds, the mean num-
ber of effective alleles was positively correlated with population size, as were the ob-
served heterozygosity and the inbreeding coefficient (Table 1). Again, no significant 
correlations were found with the expected heterozygosity or the proportion of po-
lymorphic loci, although both parameter means were relatively high (0.38 and 0.81 
respectively). 
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Table 1  Regression analysis of means of genetic parameters versus population size (log-scale) in 17 popu-
lations of Succisa pratensis. F-ratios, correlation coefficients and p-values are shown, for both field plants 
and greenhouse-grown seedlings.
Genetic parameters F-ratio r p
Field plants:
Observed heterozygosity 7.881 0.587 0.013
Expected heterozygosity 0.264 0.131 0.615
Proportion of polymorphic loci 0.023 0.039 0.882
Mean effective no. of alleles/loci 0.547 0.188 0.471
F
IS
15.613 -0.714 0.001
Seedlings:
Observed heterozygosity seedlings 21.132 0.787 0.001
Expected heterozygosity seedlings 2.177 0.379 0.164
Proportion of polymorphic loci seedlings 0.926 0.258 0.353
Mean effective no. of alleles/loci seedlings 6.885 0.588 0.021
F
IS 
seedlings 10.188 -0.663 0.007
Figure 2  The relationship between population size (as number of flowering individuals) and the inbree-
ding coefficient (F
IS
) for 17 populations of Succisa pratensis in The Netherlands.
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Effects of population size on plant performance
The large differences in population size were reflected in several plant performance 
parameters. All measures showed significant variation between the sampled populati-
ons (p < 0.001) and most of them were also correlated with population size (Table 2). 
Total germination percentage, germination rate, seed weight and the percentage of 
productive plants showed significant positive correlations with population size. Total 
germination was very low in small populations compared to nearly 80% in some of 
the large populations (Figure 3) and germination rate was also much higher (15 to 20 
times) in large populations (Figure 4). The number of flower stems and the number 
of flower heads were independent of population size, although the number of seeds 
produced per flower head showed a positive correlation. A highly significant negative 
correlation was found between population size and seedling mortality (Table 2). The 
relative growth rate of the seedlings was not correlated with population size. 
Table 2  Regression analysis of means of the plant performance related parameters in relation to popula-
tion size (log-scale) in 17 populations of Succisa pratensis. F-ratios, correlation coefficients and p-values are 
shown.
Plant performance related parameters F-ratio r p
Total germination 17.507 0.734 0.001 
Germination rate 54.291 0.885 >0.001
Seed weight 14.938 0.706 0.002
Percentage of productive plants 14.899 0.706 0.002
Seedling mortality 18.456 -0.743 0.001
Number of flower stems 3.927 0.456 0.066
Number of flower heads 2.884 0.402 0.110
Number of seeds per flower head 21.713 0.769 <0.001
Relative growth rate seedlings 1.548 0.306 0.233
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Figure 3  The relationship between population size (as number of flowering individuals) and total germi-
nation for 17 populations of Succisa pratensis in The Netherlands.
Figure 4  The relationship between population size (as number of flowering individuals) and germination 
rate for 17 populations of Succisa pratensis in The Netherlands.
Effects of soil conditions
All measured soil parameters showed significant variation between the sampled sites 
(p < 0.001). However only the concentrations of NH
4ex
 and NO
3wa
 were significantly 
correlated with population size (Table 3), with large populations having low values.
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Table 3  Regression analysis of means of the measured soil conditions in relation to population size (log-
scale) in 17 populations of Succisa pratensis. F-ratios, correlation coefficients and p-values are shown.
Soil conditions F-ratio r p
NH
4ex
14.973 -0.707 0.002
NO
3wa
7.937 -0.588 0.013
o-PO
4wa
1.916 -0.337 0.187
P
ex
1.359 -0.288 0.262
S
ex
0.422 -0.165 0.526
Ca
ex
0.745 0.218 0.402
Mg
ex
0.203 0.115 0.659
K
ex
0.114 -0.087 0.741
Al
ex
0.231 0.123 0.638
pH 0.331 0.147 0.574
Soil humidity 3.282 0.424 0.090
Organic matter fraction 0.363 0.154 0.556
Base saturation 0.577 0.192 0.459
Relationships between population size, genetic variation, soil conditions 
and plant performance
We found lower observed heterozygosity and higher inbreeding coefficients as well as 
higher soil concentrations of NH
4ex
 and NO
3wa
 in smaller populations. Path modelling 
was used to separate the effects of population size, genetic variation and soil condi-
tions on plant performance. Only NH
4ex
 and NO
3wa
 were included as soil condition 
attributes since no other soil parameters were significantly correlated with population 
size. Only NH
4ex
 results are shown, since they provided the better indicator. Observed 
heterozygosity and the inbreeding coefficient were attributes for genetic variation, 
but observed heterozygosity is not shown since its effects were negligible compared 
to those of the inbreeding coefficient. With this model, almost 70 percent of the vari-
ability in mean plant performance could be explained by the three factors considered 
(Figure 5). Decomposition of the correlations into direct, indirect and total effects are 
shown in Table 4. Population size was strongly influenced by soil conditions, with a 
direct path coefficient of –0.466 (Figure 5) and in turn exerted its strongest effect on 
genetic variation (path coefficient of –0.640) and a weak, non-significant path coef-
ficient of 0.085 towards plant performance. However, the total effect of population 
size on plant performance, which consisted mainly of indirect effects via genetic 
variation, was reasonably high (Table 4). Genetic variation showed a strong direct 
path to plant performance of –0.526 and the direct path from soil conditions to plant 
performance was defined by a coefficient of –0.434. Using maximum likelihood es-
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timation we observed a χ2 of 30.410 for this model (df=33, P=0.597). The goodness-
of-fit test (χ2 test) tests the null hypothesis that the covariance matrix implied by the 
model (expected) reproduces the observed covariance matrix. Failure to reject that 
null hypothesis (P>0.05) indicates that the model was a good fit. We also calculated a 
CFI (comparative fit index, with a possible range from 0 to 1) of 1.00, a NFI (normed 
fit index, ranging from 0 to 1) of 0.925 and a TLI (Tucker-Lewis index, close to 1 indi-
cates a good fit) of 1.012.
Figure 5  Path model depicting the hypothesized causal relationships between population size, genetic 
variation, soil conditions and plant performance of 17 populations of Succisa pratensis in The Netherlands. 
Width of each arrow is proportional to the standardized path coefficients (see legend for scale), and 
dashed lines indicate negative paths. Asterisks indicate values significantly different from 0 (P<0.05). Num-
bers in bold are estimates of the proportion of total variance explained (squared multiple correlations) for 
each dependent variable (i.e. all except soil conditions). Variables and paths representing unmeasured 
residual variation (U) are not included for simplicity. The model fit was significant (χ2 =30.410; df=33; 
P=0.597).
Table 4  Decomposition of correlations into (standardized) direct, indirect and total effects of population 
size, genetic variation and soil conditions on plant performance. Total effects are the sum of indirect and 
direct effects. Direct effects are equal to the path coefficients shown in Figure 5.
Effects on plant performance
direct indirect total
Population size 0.085 0.337 0.422
Genetic variation (F
IS
) -0.526 - -0.526
Soil conditions (NH
4ex
) -0.434 -0.196 -0.630
In our model, population size is allowed to influence genetic variation. This makes 
biologically sense since Succisa pratensis in the Netherlands occurs mainly in isolated 
populations which are becoming smaller, and reduced genetic variation will occur as 
a result of isolation and reduced population size rather than the other way around. 
However, in order to test the reliability of our model, we also analysed two other 
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models (diagrams not shown). The first model differs from our hypothesised model 
in that a causal path goes from genetic variation to population size rather than vice 
versa. The second model differs in a correlation between population size and gene-
tic variation instead of a causal path. However, both models showed a poorer fit (χ2 
=32.511, df=33, P=0.491 and χ2 =30.271, df=32, P=0.554 respectively) and were there-
fore rejected.
DISCUSSION
We investigated the relation between plant performance and population size, genetic 
variation and habitat quality in Dutch populations of the perennial Succisa pratensis. 
Although it has suffered a serious decline in distribution area, it is still quite a com-
mon species in The Netherlands, with reasonable high genetic variation in the larger 
populations. Nevertheless, we found reduced observed heterozygosity and increased 
inbreeding coefficients in small populations.
Relationships between genetic variation and population size have already been docu-
mented for several species (Fischer and Matthies 1998b, Luijten et al. 2000, Raijmann 
et al. 1994, van Treuren et al. 1991, Young et al. 1999), including Succisa pratensis in 
Germany (Grünbauer 2001). However, our inbreeding coefficients were higher, in-
dicating a higher level of inbreeding in the Dutch than in the German populations. 
Our mean observed heterozygosity was relatively high (Hamrich and Godt 1990, 
Weidema et al. 2000) and comparable with that in similar-sized German populations 
(Grünbauer et al. 1999, Grünbauer 2001). This could possibly be explained by the 
sampling method, since by sampling flowering individuals, we excluded younger ve-
getative plants. Earlier studies by Oostermeijer (1996) and Coated and Hamley (1999) 
reported higher observed heterozygosity in older and/or flowering plants.
Inbreeding and the loss of genetic variation have been put forward as an explanation 
for reduced plant performance in small populations (Charlesworth and Charlesworth 
1987, Husband and Schemske 1996, Menges 1991, Ouborg and van Treuren 1995). 
Indeed, we observed reduced plant performance in combination with increased in-
breeding coefficients and loss of genetic variation in smaller populations of Succisa 
pratensis. Germination percentage, germination rate, seed weight, seed production 
and the percentage of flowering plants producing germinable seedlings were all posi-
tively correlated with population size. These results agree well with results from the 
German Succisa pratensis populations (Grünbauer 2001), and with many other plant 
species, e.g. Arnica montana, Gentianella germanica, Dianthus deltoides, Lythrum sali-
caria and Salvia pratensis (Ågren 1996, Fischer and Matthies 1998a, Jennertsen 1998, 
Kéry et al. 2000, Luijten et al. 2000, Ouborg and van Treuren 1995).
Most positive relationships between population size and plant performance have 
been ascribed to effects of reduced genetic variation, inbreeding depression or ac-
cumulation of detrimental mutations (Lande 1995, Oostermeijer et al. 1995, Ouborg 
04_02.ind 09-09-2005, 15:2032
The interacting effects of genetic variation, habitat quality and population size
33
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
et al. 1991, Ouborg and van Treuren 1995), although a few studies have shown that 
small population size can lead to genetic deterioration and subsequently to reduced 
plant performance (Oostermeijer et al. 1994, Ouborg 1993). Furthermore, besides 
genetic processes, demographic processes and deteriorating habitat quality could also 
be detrimental for reduced plant performance in small populations (Roach and Wulff 
1987, Schaal 1984, Widén 1993). As far as we know, no studies have been carried out 
examining the influence of all possible processes on plant performance. As a conse-
quence, it remains unclear whether the measured variation in plant performance is 
affected by reduced genetic variation or driven by other stochastic and/or non-sto-
chastic processes, such as demographic processes or deterioration in habitat quality.
Earlier studies investigated the relative importance of some demographic processes, 
such as pollen limitation, on plant performance (Ågren 1996, Fischer and Matthies 
1997, Morgan 1999, Oostermeijer et al. 1998). These studies clearly indicated that ge-
netic factors might not be the sole determining factors for positive relationships bet-
ween population size and plant performance. Furthermore, deteriorating habitat qua-
lity has also been suggested as a causative factor of reduced plant performance (Deuck 
and Elderson 1992, Oostermeijer et al. 1998, Pegtel 1994, Roach and Wulff 1987). For 
the rare perennial Arnica montana, it has already been found that populations suffer 
as a result of increased habitat acidification and eutrophication (de Graaf et al. 1998). 
The strong significant correlation in our data clearly indicates that habitat quality 
may well affect population size. Considerably lower concentrations of NO
3wa
 and 
NH
4ex
 were measured in the soil of larger populations, suggesting that a low eutrophi-
cation level (high habitat quality) may support larger populations. This indicates that 
environmental factors, in addition to genetic and demographic factors, might also be 
responsible for the reduced plant performance in smaller populations of Succisa pra-
tensis, since these populations are found under less suitable conditions.
In order to separate and quantify the relative direct and indirect contributions of 
genetic variation and soil conditions on population size and plant performance, we 
used a path-analytic model. This model shows strong significant correlations between 
population size and genetic variation, between soil conditions and population size, 
between soil conditions and plant performance, and a weak non-significant correla-
tion between population size and plant performance. It appeared that both genetic 
variation and soil conditions seriously affect plant performance. This emphasizes the 
importance of genetic erosion and habitat deterioration; genetically eroded populati-
ons may perform less well, and reduced habitat quality may also have detrimental ef-
fects on population fitness. Furthermore, the model showed that indirect population 
size effects (via genetic factors) are stronger than the direct demographic effects on 
plant performance, which were rather weak (and, as a direct effect, not significant). 
This does not contradict earlier studies that have attributed a strong effect of popula-
tion size on plant performance (Jennersten 1998, Lamont et al. 1993, Matthies et al. 
1995, Olesen and Jain 1994, Petanidou et al. 1991, van Treuren et al. 1994) since the 
total effect of population size on plant performance includes genetic variation. This 
result again highlights the importance of genetic variation for conservation biology. 
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The direct effects of soil conditions on plant performance were not as strong as the 
direct genetic effects. However the total effects of soil conditions were stronger than 
the total effects of genetic variation. These results support the assumption that habi-
tat quality and environmental stochasticity are of more immediate importance than 
genetic and especially demographic processes in determining population persistence 
(Boyce 1992).
Overall, path-analysis reveals Succisa pratensis as a species which is vulnerable to 
habitat deterioration, which leads to reductions in population size and plant perfor-
mance. However, genetic effects such as genetic drift, genetic erosion and inbreeding 
are also very important for population persistence and plant performance, even in 
the short term. Survival of small and declining populations suffering from unfavoura-
ble habitat conditions may not be promoted by habitat restoration, since the negative 
effects of genetic erosion still continue. The fact that effects of reduced population 
size, genetic erosion and habitat deterioration on plant performance can be measu-
red, even in relatively common species, such as Succisa pratensis in The Netherlands, 
is of considerable concern for conservation management.
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EFFECTS OF POPULATION SIZE AND GENETIC 
VARIATION ON THE RESPONSE OF 
SUCCISA PRATENSIS TO EUTROPHICATION 
AND ACIDIFICATION
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SUMMARY
Succisa pratensis, a characteristic plant species of biodiverse, slightly acidic grasslands 
(NARDETEA), has declined in the Netherlands over recent decades. This process has 
mainly been attributed to environmental stress caused by anthropogenic acidifica-
tion and eutrophication, although genetic deterioration and decreasing population 
size may also be involved.
We analysed the combined effects of environmental stress, genetic variation and po-
pulation size on the performance of Succisa pratensis. Individual plant performance 
was negatively affected by eutrophication and, to a smaller extent, by acidification. 
Plants originating from smaller populations performed less well and showed less ge-
netic variation and higher inbreeding coefficients than plants from large populations. 
Strong interactions between population size and stress treatments reflected the fact 
that plants from small populations suffered more from deteriorating soil conditions 
than those from large populations. Habitat fragmentation may reinforce the negative 
effects of environmental stress, leading to even the less effective treatment (acidifica-
tion) having serious consequences.
INTRODUCTION
In Western Europe, soil acidification and eutrophication, which result from increased 
atmospheric deposition of nitrogen and sulphur compounds, are major threats to 
biodiversity (Bobbink et al. 1992). Increased atmospheric deposition has already been 
put forward as one of the main causes of the recent decline of several endangered 
herbaceous species in low-productivity grassland and heathland communities (Roe-
lofs 1986, Van Dam et al. 1986, Heil and Bruggink 1987, Aerts et al. 1991, Uren et al. 
1997).
Because most of the atmospheric deposition in the Netherlands consists of ammo-
nium (NH
4
), this deposition not only increases the availability of mineral nitrogen, 
but can also change the dominant form of mineral nitrogen in the soil from nitrate 
(NO
3
) to NH
4
. Both processes may affect the vegetation composition. Furthermore, 
NH
4 
concentrations in soils with low nitrification capacity, or with reduced nitrifi-
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cation as a result of enhanced soil acidification, may increase directly after nitrogen 
deposition (Van Breemen and Van Dijk 1988). In addition to these eutrophying ef-
fects, atmospheric deposition may also increase soil acidification, since the uptake 
of NH
4
 by plants is associated with excretion of protons (Raven and Smith 1976). In 
dwarf-shrub dominated heathland soils, Roelofs et al. (1985) found an inhibition of 
nitrification and an accumulation of NH
4 
at pH 4.0-4.2, while NO
3
 concentrations 
decreased to almost zero at these or lower pH values. In contrast, nitrification rates 
were much higher in soils supporting herbaceous species, due to the slightly higher 
pH and base saturation. Furthermore, any decrease in pH may indirectly result in in-
creased leaching of base cations and increased aluminium mobilization (Ulrich 1983, 
1991), which can seriously affect the performance of several endangered herbaceous 
plant species (De Graaf et al. 1997). As early as 1979, Grime found a strong correla-
tion between plant species richness and soil pH, with plant species richness appearing 
to be highest in heathlands occurring on soils with pH > 5.0, whereas species-poor 
heathland communities occurred on soils with pH < 4.0.
In addition to these environmental processes, genetic and demographic processes 
may also be major determinants of population viability and persistence. Small popu-
lations may be subject to inbreeding (Charlesworth and Charlesworth 1987, Barrett 
and Kohn 1991, Boyce 1992, Ellstrand and Elam 1993, Young et al. 1996), which is 
expected to lead to a reduced mean performance due to inbreeding depression. Fur-
thermore, small populations may be subjected to loss of variation due to genetic drift, 
reducing the evolutionary potential of species in changing environments. Genetic 
deterioration can therefore indirectly affect mean plant performance (Raijmann et al. 
1994, Ouborg and Van Treuren 1995, Fischer and Matthies 1998).
Demographic processes, affecting the dynamics and genetic composition of small 
populations are strongly influenced by population size and can also be detrimental to 
plant persistence. Empirical observations on several plant species have already found 
negative effects of small population size on individual performance (Stephens and 
Sutherland 1999), often called Allee effects (Lande 1988, Stephens et al. 1999). Such 
studies clearly illustrate the importance of population size and genetic variation, in 
addition to environmental stress. In situations where small populations facing gene-
tic deterioration are exposed to environmental stress, such as soil acidification and 
eutrophication, interacting effects of environmental stress and genetic deterioration 
may have particularly serious effects on plant performance and population persi-
stence.
For conservation purposes, it is important to assess how, and to what extent, envi-
ronmental stress, population size and genetic variation can interact in affecting plant 
performance and population persistence. Studies assessing the effects of environmen-
tal stress on plant performance have generally only considered the effects of changed 
environmental conditions. Since reduced genetic variation and population size can 
affect plant performance under environmental stress, studies incorporating all these 
issues are of special interest to conservation biology.
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We evaluated these interacting effects by determining individual plant performance 
of Succisa pratensis, grown in natural heathland soil. Plants were subjected to environ-
mental stress, mimicking eutrophication or acidification, by changing the compositi-
on of the artificial rain. We hypothesised that increased levels of environmental stress 
would negatively affect individual plant performance and that these effects would be 
enhanced by small population size and genetic deterioration.
MATERIALS AND METHODS
Experimental species
Succisa pratensis Moench (Scabiosa succisa L.) is a herbaceous, long-lived perennial. 
In the Netherlands, it occurs on various types of nutrient-poor grasslands such as 
heathlands and unmanured hay meadows, with soil pH values ranging from 4.5 to 
7.5 (Adams 1954). This iteroparous, hermaphroditic species flowers from late July un-
til mid-October. Flowering individuals produce one or several lateral shoots with one 
or several flower heads. The flower heads are composed of 30 to 100 flowers, each of 
which produces one seed.
In the Netherlands, Succisa pratensis is still quite common, but changes in land use, 
habitat fragmentation and deterioration have reduced its distribution area by 50-75% 
during recent decades (Van der Meijden et al. 2000). The remaining populations are 
isolated from each other and many are very small.
Experimental design
During the 1999 growing season, leaves and seeds were collected from 30 randomly 
selected flowering individuals within each of four small (fewer than 100 flowering 
individuals) and four large (more than 10,000 flowering individuals) populations of 
Succisa pratensis. All populations were located in the eastern part of the Netherlands, 
in the same region, on comparable vegetation types (nutrient-poor heathlands), and 
were separated by at least 30 km.
All experiments were performed in the greenhouse. The seeds were germinated and 
subsequently individually planted in plastic pots (∅ 14 cm) filled with a sandy, acidic 
and nutrient-poor soil, collected from a natural Dutch dry heathland area called ‘de 
Schaopedobbe’ (52° 57’N, 6°16’E). The pH(H
2
0) was 3.9 and the average water-extrac-
table nitrogen and phosphorous concentrations in this soil were 60 and 30 µmol kg-1 
DW, respectively. After planting, the plants were allowed to acclimatize for six weeks 
before the treatments started, during which they were watered with demineralised 
water. Plants were then subjected to eutrophication and/or acidification treatments 
by means of artificial rain. The eutrophication experiment consisted of four treat-
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ments with increasing ammonium concentrations, while the acidification experi-
ment consisted of three treatments with decreasing pH.
Due to the time-consuming methods used in the experimental treatments, the ex-
perimental design had to be restricted to only 16 individuals per treatment (8 from 
small and 8 from large populations). This approach was chosen to maximize (within 
the limits of practical feasibility) the number of populations at the expense of the 
number of individuals per population, as we were interested primarily in population 
size effects, for which the populations served as replicates. Therefore, each treatment 
consisted of 2 randomly chosen individuals from each small population (small popu-
lation group) and of 2 randomly chosen individuals from each large population (large 
population group). This resulted in a total design of 64 plants in the eutrophication 
experiment (4 treatments × 2 population size groups × 8 plants), and 48 plants in the 
acidification experiment (3 treatments × 2 population size groups × 8 plants).
The artificial rainwater consisted of demineralised water to which sea salt (5 mg l-1) 
had been added. In the eutrophication treatment, nitrogen was added as (NH
4
)
2
SO
4
 in 
concentrations corresponding to additions of 10, 25, 50 and 75 kg N ha-1 y-1. (Na)
2
SO
4
 
was used to compensate for differences in ionic balance. In the acidification treat-
ment, (NH
4
)
2
SO
4
 was added in concentrations corresponding to 20 kg N ha-1 y-1 and 
pH values were set at 4.0, 5.0 and 6.0 by adding HCl or NaOH. The ionic balance was 
compensated with NaCl. The plants were watered three times a week, corresponding 
to the annual amount of rainfall in the Netherlands (1000 mm). During the summer, 
daytime temperatures varied between 20 and 25 °C and night-time temperatures 
between 15 and 18 °C. In winter, the temperatures ranged from 5 to 10°C and from 
0 to 5°C, respectively. The relative humidity in the greenhouse varied with the day 
and night temperatures, ranging from 60 to 90 percent. When plants were flowering, 
pollinations only occurred between plants from the same experimental group: each 
flower head was hand-pollinated with a pollen mix collected freshly each day and 
consisting of pollen of all plants within the same experimental group.
Analysis of genetic variation
To determine whether small populations had a lower level of genetic variation than 
large populations, we analysed the genetic variation using allozymes. Furthermore, to 
check whether the greenhouse-grown individuals were representative of the small and 
large source populations, we also screened the experimental groups in the greenhouse. 
For each field population, leaf samples were collected from 30 randomly chosen flo-
wering individuals, regularly spaced across the vegetation. Leaves were collected from 
every individual in the experimental groups. Preparation of leaf material, gel electrop-
horesis and enzyme staining were performed as described in Vergeer et al. (2003).
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Analysis of soil conditions
Soil pore water was collected every two months. In order to collect a representative 
sample, two soil moisture samplers (Rhizon SMS-10 cm; Eijkelkamp Agrisearch Equi-
pment, the Netherlands) were placed in each pot, after which the collected samples 
were pooled. Variation among the sub samples was moderate (standard deviation 
being at most 10 % of the means for all parameters measured). The pH was deter-
mined with a Radiometer type PHM 82 pH meter. Concentrations of NO
3
 and NH
4
 
were estimated colorimetrically, correcting for colouring by humic acids. The Na, K 
and Cl contents were determined by flame photometry (Technicon Flame Photome-
ter IV). The total concentrations of dissolved Ca, Mg, Mn, Fe, Si, Zn, P, S and Al were 
determined by inductively coupled plasma emission spectrometry (ICP; Jarrell Ash IL 
Plasma-200).
Analysis of plant performance
As soon as the inflorescences emerged, aboveground biomass was estimated using 
a non-destructive method based on the product of the number of leaves in the ro-
sette and the length and width of the largest leaf. Regression of the estimated abo-
veground biomass and the actual dry weight was highly significant (R2 = 0.909, df = 
73, p < 0.0001). When plants were flowering, the number of flower heads per plant 
was counted. All ripe intact flower heads on each plant were clipped, after which the 
seeds were counted (total seed production). Seeds produced by the main flower head 
were weighed on a microbalance (to assess mean seed weight), before storage at 4 °C 
in the dark for six weeks in order to break dormancy, and then placed on two layers 
of wet Whatman no. 1 filter paper in a Petri-dish to germinate (16 h photoperiod at a 
light intensity of 150 µE m-2s-1 and temperatures of 25/20 °C). Seeds were placed in a 
grid pattern (one seed per cm2) to reduce the risk of fungal infection of neighbouring 
seeds, with a single seed family per Petri-dish. Germination was assessed every two 
days and the germination rate was calculated for the period during which the slope 
of the regression line through the germination curve was steepest (10-20 days after 
sowing). Twelve weeks after the start of the experiment, when no further germination 
occurred, the total number of seedlings was determined (total germination) as well as 
the total number of seedlings that had died (seedling mortality). All seeds were visual-
ly checked for fungal infection. Seeds that did not germinate were checked by squee-
zing them with a pair of tweezers: if the embryo was ‘soft’ or ‘slimy’, we assumed that 
it had died; otherwise, seeds were assumed to be dormant or non-viable. In order to 
analyse whether eutrophication or acidification had negative effects on reproductive 
fitness, we calculated the ‘reproductive fitness’ by multiplying the total seed produc-
tion of each plant by the fraction of germinable seeds and the proportion of surviving 
plants in the offspring generation (1-proportional seedling mortality).
05_03.ind 09-09-2005, 15:2045
Chapter 3
46
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Data analysis
The POPGENE computer program, version 1.31 (Yeh et al. 1997) was used to obtain 
population-level estimates of the observed and expected heterozygosity (Levene 
1949), the mean number of alleles per locus and the inbreeding coefficient (calcula-
ted by comparing the observed and expected heterozygosity) (Wright 1978).
All data were statistically analysed using the SPSS 10.0 package, after testing for nor-
mality. The differences in genetic variation between the experimental groups origina-
ting from large and small populations were analysed using a one-way ANOVA model. 
A similar approach was used to examine the response of the soil conditions to the 
various watering treatments. The differences in plant performance parameters were 
tested by subjecting the data to a nested, factorial analysis of variance, with watering 
treatment and population size (small vs. large) as fixed effects and population iden-
tity (nested within population size) as a random effect. The effect of population size 
was tested using population identity as the error term.
RESULTS
Genetic variation
Genetic differences were found between the large and small populations in the field: 
small populations showed less heterozygosity and higher levels of inbreeding than 
large populations (Table 1). A similar pattern was observed for the plants used in the 
eutrophication and acidification experiments (Table 1), indicating that the green-
house-grown individuals were representative of the source populations. Comparison 
of plants from different treatment levels revealed no significant differences in the ge-
netic parameters (one-way ANOVA, p > 0.9).
Soil conditions
Significant differences in concentrations of NH
4
 and NO
3
, NH
4
/NO
3
 ratios, Al con-
centrations, Al/Ca ratios and pH were observed in the pore water of the soil following 
experimental eutrophication (Table 2). (NH
4
)
2
SO
4
 addition resulted in an increase in 
NH
4
 concentrations from 36 µmol l-1 in the 10 kg N ha-1 y-1 treatment to 296 µmol l-1 
in the 75 kg N ha-1 y-1 treatment, while NO
3
 concentrations increase from approxi-
mately 46 µmol l-1 to approximately 81 µmol l-1 and NH
4
/NO
3
 ratios also increased 
strongly. Increased levels of aluminium (Al) and increased Al/Ca ratios were also ob-
served at higher eutrophication levels. Although we had used artificial rainwater with 
a pH of 4.0, the pH in the pore water varied between 3.1 and 3.5, being lowest in the 
highest NH
4
 treatment,.
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Table 1  Mean genetic variation of field populations and of the individuals used in the eutrophication and 
acidification treatments: mean values (± s.d.) and statistical results of a one-way ANOVA. The degrees of 
freedom for the population size effects and the error term (indicated as df1 and df2, respectively), mean 
squares, F-ratios and p values are shown. Significant p values (P < 0.05) are indicated in bold.
small populations large populations df1,df2 MS F p value
FIELD POPULATIONS
observed heterozygosity 0.27 (± 0.033) 0.36 ± (0.029) 1,6 1.531E-02 15.638 .007
expected heterozygosity 0.28 (± 0.037) 0.34 ± (0.030) 1,6 7.813E-03 6.919 .039
mean number of alleles 1.83 (± 0.072) 1.99 ± (0.043) 1,6 5.281E-02 14.965 .008
inbreeding coefficient 0.31 (± 0.051) -0.15 ± (0.136) 1,6 4.230E-01 40.082 .001
EUTROPHICATION TREATMENTS
observed heterozygosity 0.25 (± 0.035) 0.35 (± 0.033) 1,6 1.711E-02 14.720 .009
expected heterozygosity 0.25 (± 0.008) 0.33 (± 0.005) 1,6 1.201E-02 262.091 .000
mean number of alleles 1.71 (± 0.110) 1.95 (± 0.202) 1,6 4.351E-02 1.644 .247
inbreeding coefficient 0.31 (± 0.044) -0.20 (± 0.025) 1,6 3.160E-01 247.046 .000
ACIDIFICATION TREATMENTS
observed heterozygosity 0.28 (± 0.026) 0.35 (± 0.021) 1,4 8.067E-03 14.235 .020
expected heterozygosity 0.27 (± 0.021) 0.33 (± 0.006) 1,4 5.400E-03 23.143 .009
mean number of alleles 1.83 (± 0.031) 1.97 ( ± 0.017) 1,4 2.667E-02 43.243 .003
inbreeding coefficient 0.28 (± 0.035) -0.10 (± 0.031) 1,4 3.270E-01 301.538 .000
Table 2  Soil conditions after different eutrophication treatments: mean values (in µmol l-1, except pH and 
ratios) and statistical results of a one-way ANOVA. The degrees of freedom for the treatment effect and the 
error term (indicated as df1 and df2, respectively), mean squares, F-ratios and p values are shown. Signifi-
cant p values are indicated in bold.
10 kg ha-1 y-1 25 kg ha-1 y-1 50 kg ha-1 y-1 75 kg ha-1 y-1 df1,df2 MS F p value
pH 3.53 3.44 3.24 3.11 3,60 0.28 4.375 .007
NH
4
36 98 193 296 3,60 5.17E04 80.179 .000
NO
3
46 50 70 81 3,60 2.07E03 3.714 .016
NH
4
/NO
3
0.7 2.3 4.3 5.6 3,60 1.16 4.626 .006
Al 57 108 157 212 3,60 7.12E04 8.980 .000
Al/Ca 0.09 0.10 0.13 0.18 3,60 2.34E-02 5.381 .002
The response of the soil to acidification is illustrated in Table 3. Acidification lead to 
significant decreases in pH, increases in soluble NH
4,
 Al concentrations and Al/Ca 
ratios in the pore water, but concentrations of soluble NO
3
 were low in the low pH 
treatments.
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Table 3  Soil conditions after different acidification treatments: mean values (in µmol l-1, except pH and 
ratios) and statistical results of a one-way ANOVA. The degrees of freedom for the treatment effect and the 
error term (indicated as df1 and df2, respectively), mean squares, F-ratios and p values are shown. Signifi-
cant p values are indicated in bold.
pH 4 pH 5 pH 6 df1,df2 MS F p value
pH 3.58 4.13 5.21 2,45 3.39 6.954 .002
NH
4
76 48 20 2,45 1.24E04 4.616 .015
NO
3
15 18 34 2,45 1.94E03 3.249 .048
NH
4
/NO
3
5.1 3.1 0.5 2,45 2.23E01 10.470 .000
Al 390 199 91 2,45 1.26E05 35.269 .000
Al/Ca 0.28 0.18 0.07 2,45 1.04E-02 3.813 .030
Plant performance
Plant response to eutrophication is illustrated in Table 4. Aboveground biomass and 
seed production increased markedly with increasing eutrophication levels, whereas 
total germination, mean seed weight and reproductive fitness showed the opposite 
response (Figures 1 and 2). Seedling mortality and fungal infection showed a marked 
increase with increasing eutrophication levels. Population size effects were found 
for total germination, mean seed weight and reproductive fitness, indicating higher 
performance for plants from larger populations. These variables also showed signifi-
cant negative interactions between eutrophication level and population size, in that 
plants from small populations were more vulnerable to eutrophication.
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Figure 1  Total germination (mean ± s.e.) of plants from large and small populations at different eutrophi-
cation levels.
Figure 2  Seed weight (mean ± s.e.) of plants from large and small populations at different eutrophication 
levels.
In contrast, hardly any of the plant performance measures showed a significant res-
ponse to acidification (Table 5). Only biomass and mean seed weight decreased signi-
ficantly with increasing acidification, while reproductive fitness showed a marginally 
significant decrease. Again, population size effects were found for total germination 
and mean seed weight (Table 5). Interactive effects of acidification and population 
size were found for both mean seed weight and reproductive fitness (Figure 3 and 
Table 5): plants from large populations responded less markedly to acidification than 
plants from small populations.
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Figure 3  Seed weight (mean ± s.e.) of plants from large and small populations at different acidification 
levels.
DISCUSSION
Small populations are expected to suffer a loss of genetic variation due to genetic 
drift and a greater risk of inbreeding. This can lead to reduced fitness and a reduced 
capability to adapt to changes in the local environment, including eutrophication 
and acidification (Barrett and Kohn 1991, Boyce 1992, Ouborg and van Treuren 1995, 
Husband and Schemske 1996, Fischer and Matthies 1998). The present study exa-
mined the effects of eutrophication and acidification on the individual performance 
of Succisa pratensis and related the magnitude of these responses to population size.
Soil chemistry changed significantly in the eutrophication treatments. Greatly in-
creased NH
4
 concentrations and NH
4
/NO
3
 ratios were direct effects of increasing 
(NH
4
)
2
SO
4
 loads. In addition, a considerable decrease in pH was measured with incre-
asing (NH
4
)
2
SO
4
 load, a pattern that can be attributed to NH
4
 uptake by plants being 
accompanied by excretion of protons (Raven and Smith 1976). Moreover, increased 
soil acidification may subsequently inhibit nitrification, resulting in even higher NH
4
 
and lower NO
3
 concentrations. The uptake of NH
4
 by plants is also associated with a 
reduced uptake of cations such as potassium, magnesium and calcium and an incre-
ased anion uptake (Ulrich 1983, Marschner 1991). Very high NH
4
 concentrations may 
even lead to the exclusion of cations, which may result in nutritional deficiencies 
(Salsac et al. 1987, Boxman et al. 1991, Pearson and Stewart 1993, Marschner 1995). 
Nutritional imbalances arising from NH
4
 deposition have often been suggested as im-
portant factors in the reduced performance of various herbaceous species in European 
heathlands (Heil and Diemont 1983, Fennema 1992, De Graaf et al. 1998). However, 
although we found increased K and Ca concentrations in the pore water of the soil in 
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the more eutrophic treatments (data not shown), no conclusions about nutritional 
imbalances could be drawn, since the increased concentrations could also be ex-
plained by the exchange of K+ and Ca2+ with NH
4
+ from the cation exchange complex 
of the soil.
In the acidification treatments, reduced pH values in the pore water were observed 
at the higher acidification levels. Furthermore, higher concentrations of NH
4
, lower 
concentrations of NO
3
 and higher NH
4
/NO
3
 ratios were found with decreasing pH 
values. This may be ascribed to reduced nitrification in the soils with low pH. It has 
already been shown for heathlands that nitrification decreases with decreasing pH 
and that, as a result, NH
4
 accumulates, while NO
3
 concentrations fall (Roelofs et al. 
1985). No increasing concentrations of cations were found in the pore water (results 
not shown), indicating the plants did not suffer from cation leaching. However, con-
centrations of Al (approximately 400 µmol l-1) and Al/Ca ratios were higher in the 
pore water in acidified conditions. Several studies have found that Al toxicity after 
soil acidification seriously affected plant performance (Marschner 1991, Andersson 
1992, de Graaf et al. 1997).
Individual plant performance was affected by both eutrophication and, to a lesser ex-
tent, by acidification, despite changes in soil chemistry being pronounced in both ex-
periments. The acidification treatments might have been too similar to influence the 
mean performance of the individuals: although pH was reduced by the acidification 
treatments, it was not as low as in the most eutrophic treatments. Furthermore, NH
4
 
concentrations were not as high as in the pore water of even the second lowest level 
of eutrophication. Nevertheless, it is clear that Succisa pratensis is more vulnerable to 
eutrophication than to acidification, in agreement with the results of an earlier study 
of this species (Vergeer et al. 2003).
Field studies have shown that many herbaceous species are outcompeted by grasses 
or other fast-growing colonising species following eutrophication (Berendse and Aerts 
1984, Berendse et al. 1987, Aerts 1989, Van der Eerden et al. 1991). However, empi-
rical studies relating increased eutrophication to individual plant performance have 
been scarce. In the present study, the negative consequences of eutrophication were 
clearly demonstrated by a decrease in total germination and germination rate as well 
as mean seed weight, and an increase in seedling mortality and lethal fungal infecti-
ons of both seedlings and juvenile plants. Reductions in total germination and germi-
nation rate seriously affect reproductive capacity, while reduced seed weight, greater 
seedling mortality and lethal fungal infection directly decrease establishment rates. 
The increase in fungal diseases in highly eutrophic systems has already been propo-
sed as an explanation for reduced plant performance (Kiraly 1964, 1976, Huber 1989, 
Marschner 1991). However, given the positive effects of eutrophication on biomass 
and seed production, it was still unclear whether eutrophication had overall negative 
effects on fitness of Succisa pratensis. Therefore, we calculated a measure of ‘reproduc-
tive fitness’ by multiplying mean seed production with the fraction of germinable 
seeds (reflecting seed quality) and the proportion of plants surviving in the offspring. 
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The significant decline of this measure clearly demonstrates that eutrophication is 
detrimental to reproductive fitness (an effect mediated through reductions in seed 
and seedling quality). It is questionable whether this reduced quality was a direct re-
sult of the detrimental effects of eutrophication, or whether it reflects a seed number:
seed size trade-off. The weak, non-significant, positive effect of eutrophication on the 
number of flower heads, suggests that increased seed production at the high eutrop-
hication levels may well have resulted from an increased number of flowers per flo-
wer head, which might have decreased the amount of resources or space available for 
each fruit (or ‘seed’). However, these questions could not be tested since the present 
study was designed only to analyse the effects of eutrophication or acidification on 
the performance of Succisa pratensis.
Several plant performance parameters, as well as all measures of genetic variation, 
showed population size effects in addition to their response to eutrophication. Plants 
from smaller populations showed higher inbreeding levels and smaller genetic va-
riation and produced smaller and less germinable seeds than those from large po-
pulations, presumably because of genetic drift and/or inbreeding (so-called genetic 
erosion) in the smallest populations of Succisa pratensis. Fitness related consequences 
of declining population size have been studied for several threatened plant species by 
considering all sorts of performance parameters during different life stages. In most 
studies, positive correlations with declining population size were found (Menges 
1991, Ouborg 1993, Raijmann et al. 1994, Heschel and Paige 1995, Ouborg and Van 
Treuren 1995, Oostermeijer 1996, Fischer and Matthies 1998, Grünbauer et al. 1999, 
Grünbauer 2001 and Vergeer et al. 2003), with only a few studies demonstrating no 
correlations (Widén 1993, Morgan 1999 and Costin et al. 2001), thus illustrating the 
importance of population size for the performance of threatened plant species.
In the present study, plants from small populations were found to suffer more effects 
of eutrophication or acidification than plants from large populations. Furthermore, 
population size effects were found to be closely related to measures associated with 
inbreeding, suggesting that the population size effect might be provoked by inbree-
ding. These results agree with the hypothesis that species are capable of responding to 
local selection pressures, provided there is enough genetic variation for these proces-
ses to take place (Ouborg and Van Treuren 1994). This would indicate that low levels 
of genetic variation prevent small Succisa populations from developing higher levels 
of tolerance. However, this ‘selection hypothesis’ relies on the assumptions that al-
lozyme diversity reflects genetic variation at loci influencing plant performance and 
that there has been sufficient time for selection to increase the ecological amplitude 
of the large and genetically more variable populations. As our study could not test 
these assumptions, it is still unclear how genetic erosion in small populations affects 
plant performance under stressful conditions. Another interpretation of our results 
could be that the expression of inbreeding depression – arising from small population 
size − increases with the amount of stress experienced by each individual (Dudash 
1990).
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Whatever the reason, it seems that small, inbred populations of Succisa pratensis react 
differently to stress than large populations with lower levels of inbreeding. These re-
sults are important in the context of conservation measures, especially when isolated, 
small populations with high levels of inbreeding are exposed to unfavourable habitat 
conditions. Long-lasting, successful restoration of these populations will require a 
combination of habitat restoration and prevention of genetic erosion.
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SUMMARY
The early success of introduction as a function of source material and habitat quality 
was tested in Arnica montana to determine whether different introduction strategies 
could affect plant viability of the introduced population. Plants originating from 
related (single-family introductions) and unrelated (multi-family introductions) indi-
viduals were introduced in undisturbed sites and in sites which were limed, turf cut, 
or both turf cut and limed. For four consecutive years, we analysed plant performance 
by measuring survival time, growth and reproductive capacity. Introduction success 
was found to be strongly affected by habitat quality. Turf cutting in combination 
with additional liming significantly increased reproductive capacity and stimulated 
early flowering. To restore eutrophied and acidified soil conditions, turf cutting with 
additional liming prior to introduction is recommended. Furthermore, a significant 
effect of multi-family introductions was observed. Multi-family introductions showed 
higher introduction success compared to single-family introductions. Although the 
long-term effects of multi-family introductions will emerge after several generations, 
the preliminary results suggest multi-family introductions as the most successful in-
troduction strategy.
INTRODUCTION
Introductions and reintroductions of native species are regularly applied as manage-
ment measure in order to increase and/or conserve species diversity (McMahan, 1990; 
Maunder, 1992). Introductions, however, are highly subjected to discussion as success 
can not always be guaranteed. At date, the success of transplantations and introduc-
tions is still highly variable and many questions about possible risks remain unans-
wered. This led to a general understanding that guidelines and policy statements are 
badly needed which should be used for the application of these measures (IUCN, 
1995; Akeroyd, 1994; Akeroyd and Jackson, 1995; Manchester and Bullock, 2000). 
In recent decades the success of plant introductions appeared to depend on a vari-
ety of factors such as the environmental conditions of the transplant site, habitat 
fragmentation, dispersal capacity and genetic processes (Bakker and Berendse, 1999; 
Strykstra, 2000; Vergeer et al. 2004). So far, genetics has played a relatively minor part 
in the decision-processes for many introduction strategies, in spite of the fact that 
genetic processes may largely determine the success of introductions (Kleijman et al. 
1994). Therefore, genetic considerations should not be ignored when introductions 
are applied.
SINGLE-FAMILY VERSUS 
MULTI-FAMILY INTRODUCTIONS
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In order to maximise the chance for successful (re-)establishment of a population, 
the introduced individuals should have a high fitness, high reproductive capacity, 
and, they should be genetically variable. This is especially important as introduced 
populations are from the start generally rather small and isolated. Small populations 
are likely to suffer from both inbreeding and genetic drift (Charlesworth and Charles-
worth, 1987; Menges, 1991, 1992; Barrett and Kohn, 1991; Young et al. 1996). Inbree-
ding (mating between relatives) results in a loss of genetic variation, and could cause 
decreased population viability (Franklin, 1980; Falconer, 1989). Genetic drift causes 
the random loss of alleles from small populations, which results in an increased ho-
mozygosity and possibly in the fixation of deleterious alleles. As in small populations 
the probabilities of mating with a relative as well as losing alleles by chance are in-
creased to that in large populations, both inbreeding and genetic drift may result in 
a decreased fitness and a reduced genetic variation. High levels of genetic variation, 
however, are also important for the persistence of populations as it is necessary for 
long-term adaptation to changing environmental conditions (Ouborg and van Treu-
ren, 1994; Williams, 2001). Positive correlations between genetic variation and fitness 
components were found in numerous studies (Fischer and Matthies, 1998; Ouborg 
and van Treuren, 1995; Oostermeijer et al. 1994; Raijmann et al. 1994; Vergeet et al. 
2003). Hence, it might be expected that the population size of the source populations 
affects introduction success and that the use of large source populations are preferred 
over small populations when introductions are considered.
Next to the use of large source populations, multi-source introductions (i.e., material 
originating from multiple families and/or multiple populations) may be suggested to 
increase introduction success. Multi-source introductions decrease the risk on foun-
der effects. The ‘founding’ established individuals can represent only a portion of the 
genetic diversity present in the source population. Especially in situations where the 
introduced population is small and isolated, the levels of genetic variation in the in-
troduced population will be determined by the number and genetic diversity of foun-
ders (Barrett and Kohn, 1991; Hedrick, 2000). When material is collected from high 
number of unrelated individuals, founder effects are less likely to occur. 
Insufficient adaptation of the introduced species to various site-specific environmen-
tal factors may drastically decrease introduction success as well. In these situations, 
introduction may not be successful due to maladaptation and/or the introduction 
of maladapted genes in an adapted population (in case of introducing in an existing 
population) (Montalvo and Ellstrand, 2000). When high numbers of unrelated indi-
viduals are introduced, a large and genetically variable gene pool might be created. 
Maladapted individuals will then be outcompeted by the best adapted introduced 
individuals by natural selection (Tecic et al. 1998). Multi-source or multi-family in-
troductions can be proposed in this context to diminish the risk of introducing ma-
ladapted individuals as much as possible.
When introduction measures are considered, it is necessary to establish a genetic 
variable population with a large genetic effective population size (N
e
), in order to 
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decrease the probability of population extinction and to increase population fitness 
(Newman and Pilson, 1997). As a consequence, the use of large source populations is 
preferred over small populations for introduction (Vergeer et al. 2004), and multi-fa-
mily introductions may be suggested over single-family introductions to increase the 
genetic effective population size. However, although introductions have been regu-
larly applied, only few studies have experimentally tested different strategies of intro-
duction and their effects on population persistence and population viability (Vergeer 
et al. 2004). In this study, we tested the early success of introduction as a function of 
source material of the perennial Arnica montana, which is, in the Netherlands, highly 
endangered. In addition, the effect of habitat quality on the success of the introduc-
tions was determined. We analysed the effect of single-family versus multi-family 
introductions by introducing related and unrelated juvenile plants originating from 
a large population. To analyse the effect of habitat quality on introduction success, 
we introduced the species in undisturbed sites, and in sites to which different restora-
tion measures were applied. These restoration measures included turf cutting, liming, 
and a combination of both turf cutting and liming. Turf cutting (the removal of the 
top soil layer) is regularly applied to remove the excess of nutrients from the system 
(Bakker 1989; Roelofs et al 1996; Webb 1998), to reduce the amount of grasses, and to 
create possibilities for establishment for characteristic species (Snow and Marrs, 1997; 
De Graaf et al 1998b; Britton et al 2000). Turf cutting and liming have been applied 
on a large scale in the Netherlands in order to reduce the negative effects of eutrophi-
cation, acidification and competition with other species.
MATERIALS AND METHODS
Study species and site
The herbaceous species Arnica montana L. (Asteraceae) is characteristic for mineral 
and nutrient-poor dry grass- and heathlands (Ferguson, 1976). The species is found 
in Europe from the southern part of Scandinavia southwards to northern Italy. In the 
Netherlands, Arnica montana has been threatened mainly because of deterioration 
and fragmentation of its habitat and changes in land-use. Already from the beginning 
of the twentieth century it has been restricted to remnant populations, and at present 
it only occurs in a few small and isolated patches. The species is listed on the Red 
Data List since 1990 (Weeda et al. 1990; Van der Meijden et al. 2000). Arnica montana 
is a rosette-forming, long-lived, predominantly outcrossing perennial which repro-
duces sexually by seeds and asexually by short rhizomes. The species is found to be 
self-incompatible and pollinator dependent (Luijten et al. 1996). It flowers from May 
to June. The seeds are wind-dispersed, and generally germinate immediately after 
dispersal. The seeds show no dormancy and no formation of a seed bank. Although 
several restoration measures were shown to successfully restore soil conditions of Ar-
nica montana, the species did not return in areas where it used to occur (De Graaf et 
al. 1998). Additional measures such as introduction are therefore suggested to restore 
Arnica montana populations.
06_04.ind 09-09-2005, 15:2163
Chapter 4
64
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
The experiments were performed in a dry, inland heath area (Calluno-Genistion Pi-
losae communities; Weeda et al. 2003) in the nature reserve ‘the Schaopedobbe’ in 
the northern part of the Netherlands (52° 57’N, 6° 16’E). Experimental plots of 2×5 m 
were created which were either turf cut (removal of the organic layer; approx. 20 cm), 
treated with lime (95% CaCo
3
, 5% MgCO
3
; 200 g/m2) or turf cut in combination with 
lime addition. Undisturbed sites served as control situations.
Experimental design
During the growing season of 1999, we collected seeds of 25 randomly selected in-
dividuals of a natural Arnica montana population. The population was classified as a 
moderately large, isolated population of more than 500 rosettes of which approxi-
mately 200 individuals flowered. The population was relatively stable in size during 
the last decades and had not been through any recent bottlenecks. The population 
was located in a 1286 ha large nature reserve in the North eastern part of the Neth-
erlands (‘Havelte’; 52°48’N, 6° 13’E) and covered an area of approximately 1 ha. The 
distance between the source population and the experimental field site was approxi-
mately 20 kilometres. Seeds were germinated in the greenhouse at a day/night regime 
of 16/8 h, with a temperature of 25/20 °C. Seedlings were subsequently individually 
planted in plastic pots (diameter 5.5 centimetres) filled with a nutrient-poor 1:2 mix-
ture of potting compost and mineral sand. Before transplantation the soil mixture of 
potting compost and sand was removed as much as possible without disturbing the 
roots. In September 1999, 1000, 6-week-old juvenile plants were transplanted into 
the field (1 plant/10cm2). The plants were introduced in undisturbed (control), limed 
(lime), turf cut (turf cut), and turf cut in combination with lime (turf cut lime) situ-
ations. An experimental unit was made up of 25 plants of which the single-family 
units consisted of 1 family (25 individuals/family) and the multi-family units of 25 
families (1 individual/family). Plants from different families were equally distributed 
among the (multi-family) treatments. Per management treatment, both single-family 
and multi-family introductions were replicated 5 times. The 5 families which were 
used to replicate the single-family treatments were randomly selected from the 25 
families. 
Survival time was assessed by recording survival of individual plants at regular inter-
vals of 6-8 weeks from start of the experiment until June 2003. A plant was conside-
red dead when it was not found during subsequent censuses. Biomass was measured 
non-destructively by estimating above ground biomass. This method was based on 
the number of leaves and the length and width of the largest leave (only leaves larger 
than 0.5 cm were included). Regression of the estimated biomass and the actual dry 
weight was highly significant (Luijten et al. 2000). Biomass was measured at the start 
of the experiment (initial biomass), in the first following autumn and after that every 
year during flowering. In 2001, 2002 and 2003, flowering was measured by counting 
the number of flowering individuals and the number of flowerheads per individual. 
Both flowering heads and buds were recorded.
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Statistics
We tested for the effects of origin (single or multi-family introductions) and manage-
ment treatment (control, lime, turf cut, turf cut lime) on the introduction success of 
Arnica montana. Survival time of each plant was estimated with a Weibull curve (Egli 
and Schmid, 2001). Plant survival time was analysed with the SAS procedure LIFEREG 
(SAS Institute, 2001) with the Weibull model as the baseline function (Vervuren et 
al. 2003) and origin, management treatment and interactions as covariates. As we 
analysed survival times of individual plants, we nested the experimental units (i.e., 
block) within management treatment. We calculated ratios of mean deviance chan-
ges which approximately followed the F-distribution (McCullagh and Nelder, 1991) 
(hereafter referred to as QuasiF-values). Mean deviances allowed us to test differences 
among factors against the appropriate error terms. An appropriate transformation 
of survival time (survival time-1) was made in order to get a closer fit to the Weibull 
model.
The variables estimated biomass, flowering percentage and mean number of flower-
heads per plant were analysed using ANOVA for repeated measurements in SAS PROC 
GLM (SAS Institute, 2001) on the mean value per experimental unit (i.e., block). Ori-
gin and management treatment were analysed as fixed main effects. Unlike the ana-
lysis for survival time, the experimental units were not nested within management 
treatment, as estimated biomass, flowering percentage and mean number of flower-
heads per plant were analysed per experimental unit. When analysing the effect of 
origin and management measures on estimated biomass, we included initial biomass 
as covariate.
In all analyses, type III sums of squares were used, which did not significantly differ 
from type I sums of squares. Estimated biomass and mean number of flowerheads 
were tested for normality prior to analysis.
RESULTS
Survival time
Nearly 4 years after introduction, a significant effect of origin on survival time was 
observed (Table 1, Figure 1), with lower survival percentages in the single-family tre-
atments. Survival percentages ranged between approximately 80 and 95%. No signifi-
cant effects of management treatment on survival time were observed (Table 1).
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Table 1  Survival time, estimated biomass, flowering percentage and mean number of flowerheads per 
plant of Arnica montana as a function of origin and management treatment. The table lists degrees of 
freedom (df), and QuasiF values for survival time and degrees of freedom (df), and F-values for estimated 
biomass, flowering capacity and mean number of flowerheads. Survival times of individual plants were 
analysed using a Weibull curve (Egli and Schmid, 2001) with the experimental units (i.e., block effect) 
nested within management treatment. Estimated biomass, flowering percentage and mean number of 
flowerheads per plant were analysed as mean values per experimental unit using ANOVA for repeated 
measurements. The effect of initial biomass was included as covariate in the analysis of estimated biomass.
The levels of significance are indicated by an asterisk (+ p≤ 0.10; * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001).
  survival time
df QuasiF
managementa 3 2.7+
block(management)b 16 0.1
originc 1 182.6***
management×originc 3 2.3
origin×block(management)b 16 0.1
error 960
estimated 
biomass
flowering 
percentage
number of 
flowerheads
df F df F df F
tests of between-subjects
initial biomass 1 5.6*
management 3 21.5*** 3 8.1*** 3 1.2
origin 1 0.0 1 0.1 1 0.1
management×origin 3 1.4 3 0.1 3 0.2
error 31 32 32
tests of within-subjects
time×initial biomass 1 4.8*
time 1 0.2 1 13.1** 1 168.9***
management×time 3 23.3*** 3 16.3*** 3 6.1**
origin×time 1 0.1 1 0.0 1 0.4
management×origin×time 3 1.1 3 0.2 3 0.2
error(time) 31 32 32
a was tested against block(management)
b was tested against the error
c was tested against origin×block(management)
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Figure 1  Mean survival time of Arnica montana during four years after single- and multi-family introducti-
ons in a limed situation.
Biomass
Management treatment effects were shown by a high biomass in the non-turf cut si-
tuations (control and lime) as opposed to a low biomass in turf cut situations (Figure 
2a). Plants grown in non-turf cut situations showed an up to 6 times higher biomass 
in 2003, mainly because of larger leaf areas, compared to plants grown in turf cut si-
tuations. Lime addition did not significantly affect biomass, neither in turf cut, nor in 
non-turf cut situations. Comparisons of single-family and multi-family introductions 
revealed no significant differences in biomass (Table 1).
Flowering
Turf cutting increased reproductive capacity and stimulated early flowering. Increased 
flowering percentages in turf cut situations were observed in the first years after in-
troduction (i.e. in 2001 and 2002). In the non-turf cut situations (control and lime), 
flowering percentage increased markedly in time after introduction (Figure 2b). In 
2001 flowering percentages of 2% were observed in both control and limed situation, 
whereas in 2003 approximately 20% of the plants produced flowers. Flowering per-
centages in the turf cut situations ranged from 19 to 28% in 2001 and 2002 and from 
12 to 16% in 2003. A similar pattern was observed for the mean number of flower 
heads (Figure 2c). Differences between single and multi-family introductions were 
not observed (Table 1).
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Figure 2  Mean estimated biomass, mean percentage of flowering and mean number of flowerheads per 
plant in 2001, 2002 and 2003 of Arnica montana after introduction in different management treatments.
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DISCUSSION
Habitat quality was found to affect introduction success. Turf cutting increased both 
reproductive capacity and early flowering. Higher flowering percentages and more 
flower heads per plant were observed in turf cut management treatments in both 
2001 and 2002. In non-turf cut situations, the introduced plants are more likely to be 
subjected to sub-optimal conditions of an acidified and eutrophied environment in 
which they have to compete with other plants. Consequently, investment in growth 
(biomass) might be more important in these situations. The reduced reproduction 
capacity in non-turf cut management treatments may, therefore, reflect a trade-off 
between growth and reproduction. In 2003, we observed higher flowering percenta-
ges and more flower heads per flowering stem in the non-turf cut management treat-
ments as compared to turf cut management treatments. Since flowering generally oc-
curs after the rosette has developed a minimum biomass, and most rosettes die after 
flowering (personal observation), flowering in subsequent years will only occur after 
sufficient investment in growth of new main and side rosettes. Therefore, in many 
populations, individual plants flower every other year, or even with longer intervals. 
In this study, almost all rosettes that had flowered in the turf cut situations in 2001 
and 2002 were replaced in respectively 2002 and 2003. However, these were still rela-
tively small, and did not flower. In the non-turf cut situations, most rosettes did not 
flower in 2001 or 2002, but started flowering in 2003. This explains the differences in 
flowering capacity between turf cut and non-turf cut situations in 2003. 
Positive effects of turf cutting on plant performance of Arnica montana and several 
other herbaceous species has already been demonstrated by several studies (De Graaf 
et al. 1998; Van den Berg et al. 2003; Vergeer et al. 2004). However, turf cutting may 
not always be positive. By removing the vegetation and (most of) the organic layer, 
the exposed mineral soil will be susceptible to sun exposure, severe rain, drought and 
periods of frost. In extreme circumstances (i.e. cold winters, dry summers), recently 
introduced individuals may just be in need of protection by the surrounding vegeta-
tion. In these situations, turf cutting may also negatively affect vegetation develop-
ment. This was illustrated by relatively high mortality rates in turf cut areas during 
the dry spring of 2003 after a relatively cold winter (data not shown).
The addition of lime increases base saturation and pH of the soil (Van den Berg 
et al. 2003), which will counteract negative effects of acidified and/or eutrophied 
heathland soils (Van Dam et al. 1986; De Graaf et al. 1998). De Graaf et al. (1998) 
and Van den Berg et al (2003) suggested turf cutting as a sole management measure 
to be inadequate and that additional liming is needed to improve soil conditions of 
acidified and/or eutrophied heaths. Our results support these findings by an increased 
biomass and higher flowering percentages in limed situations compared to that in 
non-limed situations. We therefore recommend additional liming after turf cutting 
prior to measures such as introduction.
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With introduction measures, gene flow among populations can be artificially incre-
ased and genetically eroded populations can be genetically reinforced. As a result, 
genetic variation can be increased, and, concomitantly, the risk of inbreeding can 
be reduced (Mills and Allendorf, 1996; Keller and Waller, 2002). Multi-source or 
multi-family introductions can be preferred over single-source or single-family intro-
ductions to diminish eventual losses of maladapted individuals or negative effects 
of inbreeding. In this study, an effect of single-family versus multi-family introducti-
ons was observed on survival time, although survival was still relatively high in the 
single-family treatments. Effects of single-family versus multi-family introductions 
on maladapted individuals, however, may become more important in species where 
strong or moderate local adaptation is involved. Arnica montana did not show no 
strong evidence for local adaptation (chapter 5). In addition, stronger effects of multi-
family introductions are likely to emerge after several generations, when genetic ef-
fects become involved. The results of this study are based only on plant performance 
and survival time on a relatively short time period of 4 years. To analyse the effects of 
multi-family introductions on a longer time scale and the vulnerability to negative 
effects of inbreeding, genetic screening of the introduced populations and additional 
crossing experiments are necessary. 
The positive effect of multi-family introductions compared to that of single-family 
introductions suggests the importance of genetic variation in determining introduc-
tion success. This is supported by the fact that differences between multi-family and 
single-family introductions are observed when source material from a moderately lar-
ge, isolated population of a rare species is used. In such a population individuals are 
more likely to be genetically related and lower levels of genetic variation may be ex-
pected between single-family and multi-family treatments compared to what may be 
found in large, non-isolated populations of common species. In addition, the genetic 
difference between a maternal family in an outcrossing species (where a family repre-
sents a wide sampling of the male reproductive function) and a sample from multiple 
plant mothers may be very small or even un-measurable. The fact that differences 
between single-family and multi-family treatments can be measured on introduction 
success, even in moderately large populations of an outcrossing, rare species, is of 
considerable concern for conservation management. These results not only plead for 
multi-family introductions, but may even suggest the use of multi-source introducti-
ons, in order to introduce an unrelated and genetically variable gene pool.
More recently, however, enthusiasm for multi-source introductions using different 
source populations has been tempered by concerns about outbreeding depression 
(i.e. decreased fitness in the progeny of a cross between genetically divergent parents; 
Montalvo et al. 1997; Storfer, 1999; Allendorf et al. 2001). Outbreeding depression, 
is normally measured in the second and following generations (Lynch, 1991; Fenster 
and Galloway, 2000). In this study no crossing experiments were performed; it is the-
refore not possible to draw conclusions about eventual risks of outbreeding depres-
sion.
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The results of this study show that the use of multi-family introductions increase 
survival times compared to that of single-family strategies. No effect of multi-family 
introductions on plant size and flowering was observed over 4 years. However, we 
expect main benefits of multi-family introductions over the long term, over multiple 
generations. We, therefore, recommend multi-family introductions of populations 
with comparable soil and environmental conditions, in order to exclude undesirable 
effects such as maladaptation and outbreeding depression. We suspect that if little or 
no local adaptation is involved, the use of non-local transplants in restoration pro-
jects may be of little concern (Galloway and Fenster, 2000). In addition, the extinc-
tion risk in small and isolated populations due to outbreeding depression may be less 
severe than that of inbreeding (Tecic et al. 1998).
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LOCAL ADAPTATION IN THREE 
PERENNIAL HERBS: IMPLICATIONS FOR 
RESTORATION AND CONSERVATION 
MANAGEMENT
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SUMMARY
Local adaptation can seriously affect introduction success. In addition, restoration 
measures might interfere with the effect of local adaptation. Restoration measures 
such as turf cutting and additional liming are applied regularly applied to restore pro-
per soil conditions. We analysed the effects of local adaptation on introduction suc-
cess, and the effects of restoration measures on the expression of local adaptation.
We examined local adaptation in three herbaceous species (Arnica montana, Gentiana 
pneumonanthe and Succisa pratensis), and analysed the effect of restoration measures 
on local adaptation and the success of transplantation. Plants were reciprocally trans-
planted between two field sites which were subjected to turf-cutting, turf-cutting and 
lime addition, or which were undisturbed (control). Both seeds and juvenile plants 
were transplanted to investigate the effect of different life stages on the expression of 
local adaptation. Strong evidence for local adaptation was found for Succisa pratensis, 
whereas no effect for Arnica Montana and only a slight effect for Gentiana pneumonan-
the was observed. In Succisa pratensis, local adaptation effects were only found in later 
life stages in survival, biomass and flowering capacity. Furthermore, local adaptation 
was affected by management regimes such as turf cutting, demonstrating reduced risk 
of local adaptation in restored situations.
In this study, the possibilities for the use of local and non-local plant sources in or-
der to (re)establish populations by means of introduction are discussed. The strong 
variance in effects associated with local adaptation between species shows that the 
dogma for using local populations in restoration projects does not apply to all species 
and situations, and underlines the need for species-specific approaches to introduc-
tion.
INTRODUCTION
Restoration measures such as introduction or transplantation have become increasin-
gly important in conservation and restoration biology. Although variation in  envi-
ronmental conditions was initially regarded as one of the main driving forces behind 
plant species diversity (‘Everything is everywhere but the environments selects’), 
there is growing evidence that dispersal is a major limiting factor of species diver-
sity, especially in fragmented landscapes (Zobel 1992, 1997). In addition, numerous 
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studies have shown that species recruitment at suitable sites is often limited by the 
availability of seeds (Eriksson and Ehrlén 1992; Tilman 1997; Ehrlén and Eriksson 
2000; Turnbull, Crawley and Rees 2000). This is illustrated by an increasing number 
of restoration projects, in which, after successful restoration of habitat quality, target 
species nevertheless failed to re-establish (De Graaf, Bobbink, Roelofs and Verbeek 
1998; Brouwer, Bobbink and Roelofs 2002). In such situations, where dispersal is limi-
ted, introduction might be a successful tool to restore species diversity.
However, although introductions have been regularly applied (McMahan 1990; 
Maunder 1992), and several guidelines and policy statements for introductions have 
been produced (IUCN 1995; Akeroyd and Jackson 1995), many questions about the 
success and possible risks of introductions remain unanswered. Successful manage-
ment requires assessment of the possible constraints on introductions.
One of these constraints may arise from the fact that populations might be adapted to 
their local conditions. In these populations, genotypes are genetically adapted to suit 
the local environment, where they have a relatively high fitness, whereas their fitness 
in non-local environments may be lower. The degree of local adaptation is assumed 
to be the result of a balance between selection inflicted by the local environment and 
the amount of gene flow among populations (Antonovics, Jacquard and Heim 1984; 
Galloway and Fenster 2000). High levels of gene flow (i.e., when dispersal is common) 
lead to a continuous mixing of genotypes among the various populations, making lo-
cal adaptation less likely to happen (Ouborg and Eriksson 2004). In isolated situations, 
however, gene flow does not override the results of selective processes, and plants can 
become adapted to their local environment. Isolated and fragmented populations are 
therefore presumably more likely to be locally adapted than non-isolated populations 
with considerable levels of gene flow. Local adaptation was demonstrated in several 
species at both large (Schmidt and Levin 1985; Jordan 1992; Montalvo and Ellstrand 
2000, 2001) and small geographical scale (i.e. 100 m or less; Schmitt and Gamble 
1990; Bell, Lechowicz and Waterway 2002; Knight and Miller 2004). In contrast, 
others did not find any evidence for local adaptation (Rice and Mack 1991; Stanton 
and Galen 1997; Leiss and Müller-Schärer 2001; Cheplick and White 2002).
Management measures, which generally precede introduction, might be suggested to 
affect the expression of local adaptation. Management measures will normally result 
in a restored habitat quality, which is expected to benefit both local and non-local 
populations. To the local species, such restoration measures will act as an add-on ef-
fect to the advantage of being locally adapted. On the other hand, when local species 
are adapted to the deteriorated local habitat conditions, local species may lose the 
advantage of being locally adapted after restoration measures. After all, as habitat 
restoration changes local conditions to restored conditions, local species might no 
longer experience these conditions as local and their adaptation may vanish once the 
habitat is restored.
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The expression of local adaptation in various conditions may largely determine the 
selection of source material for introduction, and may therefore be an important fac-
tor in selecting a successful introduction strategy. Studies assessing the effect of local 
adaptation on introduction success, and exploring the situations in which local adap-
tation might evolve, are necessary to increase the understanding of local adaptation 
and its effect on conservation and restoration biology.
In this study, we investigated the expression of local adaptation, and the interaction 
between local adaptation and restoration measures on the introduction success in 
three different model species: Arnica montana, Gentiana pneumonanthe and Succisa pra-
tensis. In the Netherlands, these long-lived, perennial herbs used to be characteristic of 
species-rich and nutrient-poor grasslands and heathlands. Nowadays, all three species 
are threatened with extinction due to habitat deterioration and habitat fragmentation. 
However, the degree and history of fragmentation varies among the species. Succisa 
pratensis is recently strongly decreasing in population size as well as numbers. In con-
trast, Arnica montana, and to a lesser extent Gentiana pneumonanthe, has been fragmen-
ted since several decades and presently occur only in a very limited number of isolated 
populations (Oostermeijer, Van Eijck and Den Nijs 1994; Luijten, Dierick, Ooster-
meijer, Raijman and Den Nijs 2000). Restoration measures, such as turf cutting and 
liming, have been applied on a large scale in the Netherlands, since they reduce the 
negative effects of eutrophication, acidification and competition with other species.
We first analysed the phenotypic differences of the species between the two sites, as 
a proxy for biologically relevant environmental variation between the sites. These 
differences could be the result of phenotypic plasticity or local adaptation. Secondly, 
to analyse the effect of local adaptation on introduction success, we used reciprocal 
transplant experiments. Reciprocal transplant experiments can be used to demon-
strate local adaptation, keeping in mind possible maternal carry-over effects (see, e.g., 
Stratton 1989). Furthermore, we analysed the effect of restoration measures on intro-
duction success and local adaptation. To this end, we reciprocally transplanted the 
species between two heathland areas at undisturbed sites, at sites that had been turf-
cut, and at sites that had been turf-cut as well as limed. The undisturbed sites served 
as control situations. Since selection and selection pressures towards local adaptation 
may vary across life-history traits (Schmidt and Levin 1985), we analysed the effects 
of local adaptation across such traits. A life-stage component was therefore included 
by transplanting both seeds and (juvenile) plants, in order to analyse the effects of lo-
cal adaptation on life history traits within the experimental period of three years.
MATERIALS AND METHODS
Study species
Arnica montana L. (Asteraceae) is a characteristic species of dry nutrient-poor and spe-
cies-rich grasslands and heathlands. Gentiana pneumonanthe L. (Gentianaceae) mainly 
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occurs on nutrient-poor wet heaths and species-rich grasslands. Succisa pratensis 
Moench (Scabiosa succisa L.) (Dipsacaceae) is found on various types of nutrient-poor 
grasslands, such as matgrass swards and heathlands. In the Netherlands, all three spe-
cies are threatened and have been included the Red Data List (Van der Meijden, Odé, 
Groen, Witte and Bal 2000). Arnica montana has been restricted to remnant popula-
tions since the early twentieth century, and nowadays only occurs in a few small and 
isolated patches. Gentiana pneumonanthe populations have become fragmented more 
recently and the species still occurs in a few large and many small populations. Succi-
sa pratensis is still fairly common, but its distribution area has decreased dramatically 
during the last decades. 
All three species are long-lived perennial plants which are predominantly outcros-
sing. Both Arnica montana and Succisa pratensis reproduce sexually by seeds and 
asexually by short rhizomes. In contrast, Gentiana pneumonanthe reproduces predo-
minantly sexually by means of seeds (Oostermeijer et al. 1994). Arnica montana has a 
self-incompatibility system (Luijten, Oostermeijer, Van Leeuwen and Den Nijs 1996). 
Although the flowers of Succisa pratensis and Gentiana pneumonanthe are self-com-
patible, insect pollination is presumed to be necessary since non-pollinated flowers 
produce very few viable seeds (Petanidou, Den Nijs and Ellis-Adam 1991; Vergeer, 
Rengelink, Copal and Ouborg 2003). 
Study sites
Reciprocal transplant experiments were performed at the nature reserves ‘Havelte’ 
(52°48’N, 6° 13’E) and ‘De Schaopedobbe’ (52°57’N, 6°16’E), located in the northern 
part of the Netherlands. The distance between the two areas was approximately 20 
km. Both areas consist of various types of species-rich, nutrient-poor grass and heath 
vegetations, such as matgrass swards, species-rich heathlands and dwarf-shrub veg-
etations. Both areas have high species diversity, including Arnica montana, Gentiana 
pneumonanthe and Succisa pratensis. In order to determine environmental differen-
tiation between the sites, 15 topsoil samples were collected in each population in 
June 2000, 2001 and 2002 (randomly selected; depth 10 cm, diameter 3.0 cm, after 
removal of vegetation and litter). Main soil properties (pH, moisture content, organic 
matter fraction and concentrations of NO
3
 and NH
4
) were analysed according to Ver-
geer et al. (2003).
The populations of Gentiana pneumonanthe and Succisa pratensis at the Schaopedobbe 
site were classified as small populations (<250 flowering individuals), in contrast to 
those in Havelte, which were rather large (>1000 flowering individuals). Arnica monta-
na populations in both Schaopedobbe and Havelte were both classified as rather small 
(<250 flowering individuals), with the Schaopedobbe population being smaller than 
the Havelte population. Although isolated, the populations of all three species were 
assumed to be relatively viable, since population sizes were not decreasing and seed-
ling recruitment had been observed in recent years.
07_05.ind 09-09-2005, 15:2280
Local adaptation in three perennial herbs
81
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Reciprocal transplant experiment
Seeds of Arnica montana were collected from both the Havelte and Schaopedobbe 
populations in June 2000, and seeds of Succisa pratensis and Gentiana pneumonanthe 
in September-October 1999 and 2000 respectively. Seeds were sampled from 30 in-
dividuals per population, randomly selected throughout the population. However, 
only 17 individuals could be selected in the Schaopedobbe population of Gentiana 
pneumonanthe. To break dormancy, seeds of Succisa pratensis were stored at 4° C in the 
dark for 6 weeks.
The experiment had a reciprocal transplant design for all three species. Seeds and ju-
venile plants of both the Schaopedobbe and Havelte populations were transplanted 
to their local as well as the non-local site, in undisturbed (control), turf-cut (turf-
cut), and turf-cut as well as limed (turf-cut lime) situations. This design was com-
pletely factorial for all three species, except for the transplanted plants of Gentiana 
pneumonanthe. For this species it was not possible to select a representative control 
situation, which was located far enough from the natural population to prevent out-
crossing. The plants of Gentiana pneumonanthe were, therefore, only transplanted to 
turf-cut and turf-cut lime situations (Figure 1). The experimental areas of the turf-cut 
treatments were manually turf-cut in the autumn of 1999 to expose the mineral layer 
(i.e. approximately 20 cm turf was removed).
Figure 1  An overview of the experimental design to test the interaction between local adaptation and the 
success of introduction in relation to different restoration measures. The design was performed in control, 
turf cut and turf cut in combination with lime treatments, for both seeds and juvenile plants. Except for 
the transplanted plants of Gentiana pneumonanthe, which were only transplanted in turf cut and turf cut 
lime situations.
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In July 2000, seeds of Arnica montana (5 replicates of 100 seeds per treatment) were 
sown in 50×50 cm plots. An identical experimental design was used for Succisa praten-
sis. In October 2000, seeds of Gentiana pneumonanthe (3 replicates of 400 seeds per tre-
atment) were sown in 50×50 cm plots undergoing identical treatment as those used 
for Arnica montana and Succisa pratensis. Germination was assessed every two weeks 
during the first two months, and once a month after that, until no further germinati-
on occurred. Survival was followed once a month until April 2002 for Arnica montana 
and Succisa pratensis and until June 2002 for Gentiana pneumonanthe.
Juvenile plants were obtained after germination in a greenhouse. The seedlings were 
subsequently individually planted in small plastic pots (diameter 5.5 cm) filled with 
a nutrient-poor 1:2 mixture of potting compost and sand. The 8-week-old juvenile 
plants of Arnica montana and Succisa pratensis were transplanted to the field in August 
2000 and October 2000, respectively, followed by the 12-week-old juvenile plants of 
Gentiana pneumonanthe in April 2001 (1 plant/10cm2). Plants from different families 
were equally distributed over the treatments and the two sites. Before transplanta-
tion, the soil mixture of potting compost and sand was removed as much as possible 
without disturbing the roots. Three replicates of 20 Arnica montana plants per treat-
ment were transplanted at the Havelte site. At the Schaopedobbe site, five replicates 
of 25 plants from the Havelte population and five replicates of 15 plants from the 
Schaopedobbe population were used. In the control situations, 4 replicates of 15 
plants were used. For Gentiana pneumonanthe, three replicates of 15 plants of Schaope-
dobbe origin were transplanted per treatment, and three replicates of 20 plants of Ha-
velte origin, in both turf-cut and turf-cut lime situations. For Succisa pratensis, three 
replicates of 15 plants per treatment were transplanted to the Havelte site, and three 
replicates of 7-10 plants per treatment at the Schaopedobbe site. 
Survival of all species was monitored every six weeks until September 2003 (except 
during the winter period). Biomass was measured non-destructively by estimating 
above-ground biomass. This method was based on the number of leaves and the 
length and width of the largest leaf. Regression of the estimated biomass and the ac-
tual dry weight was highly significant for all three species (Oostermeijer et al. 1994; 
Luijten et al. 2000; Vergeer et al. 2003). We measured biomass at the start of the expe-
riment, then in the first autumn and after that every year during flowering. In 2001, 
2002 and 2003, flowering capacity was measured by counting the number of flowe-
ring individuals and the number of flowerheads per individual (both flowering heads 
and buds).
We analysed the phenotypic differences between the populations of Succisa pratensis 
with the help of data from an earlier experiment (Vergeer et al. 2003), for which seeds 
had been collected in 1999 of up to 25 randomly selected Succisa pratensis plants from 
the Schaopedobbe and Havelte populations. Seeds were germinated in the green-
house, after which one individual seedling per family was transplanted to a plastic 
pot and subsequently raised and maintained in the greenhouse for 24 weeks. Biomass 
was measured non-destructively after 1, 2, 4, 6, 12 and 24 weeks. The relative growth 
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rate (RGR) was calculated for the period in which the slope of the regression line 
through the growth curve was steepest (between one and two weeks after transplanta-
tion). After 24 weeks, we measured the final survival.
Data analysis
We analysed possible environmental differentiation between the two sites by compa-
ring soil characteristics of the Schaopedobbe and Havelte sites using one-way ANOVA. 
The reciprocal transplant experiment was analysed in different ways. First, the effect 
of different management regimes on the transplantation success and the local adapta-
tion was analysed using a general lineal model procedure, with site of planting (site) 
and management regime (management) and with origin of source material (origin) 
as the main factors. These analyses were done separately for transplanted seeds and 
plants. Since there were significant site×management and site×origin×management 
interactions, we applied general linear model procedures separately to each manage-
ment regime (control, turf-cut, turf-cut lime), for both transplanted seeds or juvenile 
plants, and examined the effects of site, origin and site×origin on the transplantation 
result. Possible phenotypic differences between the Schaopedobbe and Havelte sites 
were analysed through the effect of origin. The hypothesis that populations might be 
locally adapted was tested by searching for significant site×origin interaction effects. 
To test whether life stage of the transplanted material (i.e., transplantation using 
seeds or juvenile plants; life stage) affected the transplantation success and local 
adaptation we conducted a general linear model test using site, origin and life stage 
as the main factors. Different management regimes were analysed separately. All ana-
lyses, assessed biomass and survival using a general linear model for repeated measu-
rements. Although significant time effects were found in all cases, we were mainly 
interested in the between-subjects effects, so only these effects are shown. Possible 
phenotypic differences between the populations of Succisa pratensis were analysed by 
means of one-way ANOVA, with site as the fixed factor. All data were tested for nor-
mality and ratios were arcsin of square root transformed prior to analysis. All analyses 
were performed with the SPSS (10.0) statistical software package.
RESULTS
Phenotypic and environmental differences
Significant effects of origin were observed for estimated biomass in Arnica montana, 
and for estimated biomass as well as flowering capacity in Gentiana pneumonanthe 
and Succisa pratensis (Table 1). Phenotypic differences between the Schaopedobbe and 
Havelte populations of Succisa pratensis were found for estimated biomass (F
1,45
=4.52, 
p=0.039) and RGR (F
1,47
=6.10, p=0.017), due to larger leaf areas and higher RGR in the 
Havelte plants compared to the Schaopedobbe plants.
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Table 1  Results of a general linear model procedure on biomass and flowering percentage of transplanted 
plants as a function of origin, site and the origin×site interaction. Only the effect of origin (phenotypic va-
riation) was shown. The table lists degrees of freedom for each plant parameter and error term (indicated 
as df1 and df2, respectively) and F-ratios. The levels of significance are indicated by asterisks; (*) p≤0.10; * 
p≤0.05; ** p≤0.01).
Arnica montana Gentiana pneumonanthe Succisa pratensis
ORIGIN df1,df2 F df1,df2 F df1,df2 F
biomass 1 control 1,11 11.78** 1,6 16.51**
turf cut 1,12 0.57 1,8 35.82** 1,8 0.50
turf cut lime 1,12 5.62* 1,8 18.48** 1,8 9.33*
flowering’01 a control
turf cut 1,8 0.24
turf cut lime 1,8 0.24
flowering’02 a control 1,11 0.33 1,6 0.27
turf cut 1,12 0.01 1,8 0.21 1,8 1.44
turf cut lime 1,12 1.37 1,8 6.13* 1,8 12.47**
flowering’03 a control 1,11 0.73 1,6 5.47(*)
turf cut 1,12 0.01 1,8 0.13 1,8 0.81
turf cut lime 1,12 0.00 1,8 5.58* 1,8
1 only the between-subjects effects are shown
a ratios were arcsin of square root transformed
Environmental conditions differed significantly between the Schaopedobbe and Ha-
velte sites (Table 2). Differences in soil humidity and organic matter were observed 
between the Schaopedobbe and Havelte population of Arnica montana. The Schaope-
dobbe and Havelte population of Gentiana pneumonanthe differed in organic matter 
and NH
4
 concentrations, and the Havelte population of Succisa pratensis featured 
considerably higher pH levels, higher NH
4
 concentrations, lower soil humidity and a 
lower organic matter fraction than those at the Schaopedobbe site.
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Table 2  Mean soil characteristics (± standard error) of the field sites Schaopedobbe and Havelte for Arnica 
montana, Gentiana pneumonanthe and Succisa pratensis. pH, soil humidity (%), organic matter fraction 
(%), and NO
3
- and NH
4
 concentrations (µmol kg DW-1) are shown. The levels of significance are indicated 
by asterisks; (*) p≤0.10; * p≤0.05; ** p≤0.01.
pH soil humidity organic matter NO
3
NH
4
Arnica montana
Schaopedobbe 4.18 ±0.02 24.76±0.03 10.51 ±0.41 41.71 ±13.75 921.81 ±135.28
Havelte 4.20 ±0.04 20.99 ±0.26 7.95 ±0.01 1114.96 ±391.37 979.20 ±78.29
significance level ns ** ** (*) ns
Gentiana pneumonanthe
Schaopedobbe 5.39 ±0.10 32.59 ±4.35 3.42 ±0.07 6.43 ±1.05 106.46 ±7.71
Havelte 4.80 ±0.03 25.84 ±2.83 11.38 ±1.50 19.91 ±6.02 64.84 ±4.32
significance level ** ns ** (*) *
Succisa pratensis
Schaopedobbe 4.60 ±0.02 24.76 ±0.03 8.97 ±0.32 65.31 ±25.48 483.64 ±98.28
Havelte 7.77 ±0.01 14.06 ±0.44 1.99 ±0.19 21.87 ±4.79 31.30 ±4.87
significance level ** ** ** ns **
Site effects were also observed on the various plant performance parameters. The 
Schaopedobbe site yielded significantly lower biomass (F
1,35
=44.83, p<0.001) and hi-
gher germination (F
1,48
=9.21, p=0.004) and flowering percentages (F
1,35
=6.98, p=0.012) 
for Arnica montana in 2003 (Figure 2a,e,f). Site effects on the survival of transplanted 
plants were also observed (F
1,35
=71.96, p<0.001), in that we found a remarkably low 
survival rate of transplanted Arnica montana plants at Havelte. This reduced survival, 
however, was due to intensive grazing by rabbits at the turf-cut and turf-cut lime 
plots at Havelte.
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Figure 2  Total germination and establishment for seeds, and survival, biomass, and flowering percen-
tage for juvenile plants of Arnica montana planted in a reciprocal transplant design at Schaopedobbe and 
Havelte field area. The design was performed in control, turf cut and turf cut in combination with lime 
treatments.
Gentiana pneumonanthe plants transplanted to the Havelte site showed a marked 
increase in survival (F
1,16
=23.96, p<0.001), biomass (F
1,16
=131.65, p<0.001) and flowe-
ring percentage in 2003 (F
1,16
=11.18, p=0.004) compared to those transplanted to the 
Schaopedobbe site (Figure 3c,d,f).
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Figure 3  Total germination and establishment for seeds, and survival, biomass, and flowering percentage 
for juvenile plants of Gentiana pneumonanthe planted in a reciprocal transplant design at Schaopedobbe 
and Havelte field area. For transplanted seeds, the design was performed in control, turf cut and turf cut in 
combination with lime treatments. Juvenile plants were only transplanted in turf cut and turf cut in combi-
nation with lime treatments.
Significant differences between the sites in various plant performance parameters 
were also observed for Succisa pratensis. Plants transplanted to the Schaopedobbe site 
showed higher survival rates (Figure 4c; F
1,35
=71.96, p<0.001), but lower percentages 
of flowering in 2003 (Figure 4f; F
1,35
=6.98, p=0.012). 
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Figure 4  Total germination and establishment for seeds, and survival, biomass, and flowering percentage 
for juvenile plants of Succisa pratensis planted in a reciprocal transplant design at Schaopedobbe and 
Havelte field area. The design was performed in control, turf cut and turf cut in combination with lime 
treatments.
These results demonstrate environmental differences between the sites as well as phe-
notypic or genotypic differentiation between the populations, suggesting a suitable 
point of departure for observing local adaptation phenomena.
Local adaptation
No significant origin×site interaction effects were found after reciprocal transplan-
tation of Arnica montana seeds (Table 3), indicating the absence of effects of local 
adaptation. In contrast, a significant origin×site interaction effect was found for the 
biomass of transplanted Arnica montana plants in control situations (Table 3). In 
these control situations, plants origination form the Schaopedobbe populations as 
well as plants from the Havelte population grew better when transplanted to their 
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original site compared to when transplanted to the other site. However, no effect of 
local adaptation was found when management regimes such as liming and turf cut-
ting were applied. An effect of origin was found for the germination percentage in the 
turf-cut lime situation (F
1,16
=5.91, p=0.027), showing higher germination percentages 
for seeds originating from the Havelte population (Figure 2a). Except for germination 
in the control situation, no differences between the two sites were observed for ger-
mination or establishment (Figure 2a,b). 
Table 3  Results of a general linear model procedure on germination, and establishment of transplanted 
seeds and survival, biomass, and flowering percentage of transplanted plants as a function of origin, site 
and the origin×site interaction. Only the effect of origin×site interaction (local adaptation) was shown. The 
table lists degrees of freedom for each plant parameter and error term (indicated as df1 and df2, respecti-
vely) and F-ratios. The levels of significance are indicated by asterisks; (*) p≤0.10; * p≤0.05; ** p≤0.01).
Arnica montana Gentiana pneumonanthe Succisa pratensis
ORIGIN×SITE df1,df2 F df1,df2 F df1,df2 F
transplanted seeds
germination1 control 1,16 0.260 1,8 1.00 1,16 1.985
turf cut 1,16 0.709 1,8 1.936 1,16 0.922
turf cut lime 1,16 2.981 1,8 0.540 1,16 1.529
establishment control 1,16 2.367 1,8 0.028 1,16 0.941
turf cut 1,16 - 1,8 0.226 1,16 0.600
turf cut lime 1,16 0.233 1,8 0.200 1,16 1.22
transplanted juvenile plants
survival a1 control 1,11 0.514 1,6 14.418**
turf cut 1,12 0.471 1,8 4.013(*) 1,8 0.011
turf cut lime 1,12 0.028 1,8 3.623(*) 1,8 1.605
biomass 1 control 1,11 5.358* 1,6 31.181**
turf cut 1,12 0.333 1,8 7.927* 1,8 0.075
turf cut lime 1,12 0.077 1,8 4.507(*) 1,8 3.159
flowering’01 a control
turf cut 1,8 0.007
turf cut lime 1,8 0.007
flowering’02 a control 1,11 0.019 1,6 1.787
turf cut 1,12 0.000 1,8 4.155(*) 1,8 0.321
turf cut lime 1,12 0.045 1,8 0.105 1,8 1.417
flowering’03 a control 1,11 0.649 1,6 12.92*
turf cut 1,12 0.001 1,8 4.718(*) 1,8 11.26**
turf cut lime 1,12 0.003 1,8 26.235** 1,8 9.541*
1 only the between-subjects effects are shown
a ratios were arcsin of square root transformed
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The success rates of transplanting Gentiana pneumonanthe as seeds showed no effect 
of local adaptation, unlike the transplantation of Gentiana pneumonanthe as plants, 
which showed effects of local adaptation for biomass and flowering percentage in 
2003 in turf-cut and turf-cut lime situations respectively (Table 3).
Succisa pratensis showed effects of local adaptation in terms of survival, biomass and 
flowering capacity (Table 3). Transplanted Succisa pratensis plants grew better and 
showed greater survival in the control plots at their sites of origin than did plants 
from the other site, a finding which is consistent with local adaptation (Figure 4c,d). 
However, no effects of local adaptation on survival and biomass were observed in the 
turf-cut and turf-cut lime plots. Effects of local adaptation were also found for flowe-
ring percentage in the control as well as turf-cut and turf-cut lime plots in 2003 (Table 
3; Figure 4d,f).
Management regimes
Germination and establishment of seeds increased markedly for all species in turf-cut 
situations with additional liming, with little (i.e. Gentiana pneumonanthe, Succisa pra-
tensis) or no establishment (i.e. Arnica montana) in the control and turf-cut situations. 
Management effects were also observed for transplanted plants of Arnica montana 
(Table 4a) with higher biomass, survival, and flowering percentages in 2003 in the 
control situations (Figure 2e). In contrast, survival rates of the transplanted plants of 
Gentiana pneumonanthe and Succisa pratensis were significantly higher at the turf-cut 
lime plots (Table 4a, Figure 3c, 4c). Significant origin×site×management interactions 
were observed in terms of the biomass for Succisa pratensis (Table 4b; Figure 4c,d).
Life stage
The success of transplantation was greater for all species when plants were transplan-
ted instead of seeds, as was illustrated by the significant life stage effects (Table 5a). 
A significant origin×site×life stage interaction effect was observed after transplanting 
Succisa pratensis in the control situation (Table 5b), as evidence for local adaptation 
was observed in transplanted plants whereas transplanted seeds did not show any ef-
fects of local adaptation (Table 3, Figure 4).
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Table 4  Results of a general linear model procedure on germination, and establishment of trans-
planted seeds and survival, biomass, and flowering percentage of transplanted plants as a function of 
origin, site, management and their interactions. Only the effect of management treatment (4a), and 
origin×site×management (4b) were shown. The table lists degrees of freedom for each plant parameter 
and error term (indicated as df1 and df2, respectively) and F-ratios. The levels of significance are indicated 
by asterisks; (*) p≤0.10; * p≤0.05; ** p≤0.01).
Arnica montana Gentiana pneumonanthe Succisa pratensis
df1,df2 F df1,df2 F df1,df2 F
a    MANAGEMENT
transplanted seeds
germination1 2,48 93.859** 2,24 22.885** 2,48 13.639**
establishment 2,48 20.134** 2,24 12.430** 2,48 19.889**
transplanted juvenile plants
survival a1 2,35 45.604** 1,16 6.414* 2,22 36.846**
biomass 1 2,35 157.63** 1,16 3.941(*) 2,22 3.270(*)
flowering’01 a 1,16 2.778
flowering’02 a 2,35 29.341** 1,16 2.778 2,22 4.664*
flowering’03 a 2,35 5.370** 1,16 1.858 2,22 1.268
b     ORIGIN×SITE×MANAGEMENT
transplanted seeds
germination1 2,48 2.456(*) 2,24 1.230 2,48 0.439
establishment 2,48 0.569 2,24 0.272 2,48 0.593
transplanted juvenile plants
survival a1 2,35 0.377 1,16 0.598 2,22 2.723(*)
biomass 1 2,35 1.560 1,16 1.000 2,22 3.695*
flowering’01 a 1,16 1.000
flowering’02 a 2,35 0.007 1,16 0.111 2,22 0.274
flowering’03 a 2,35 0.029 1,16 0.612 2,22 0.692
1 only the between-subjects effects are shown
a ratios were arcsin of square root transformed
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Table 5  Results of a general linear model procedure on final survival of transplanted seeds and plants as a 
function of origin, site, life stage and their interactions. Only the effect of life stage (5a) and origin×site×life 
(5b) were shown. The table lists degrees of freedom for each plant parameter and error term (indicated 
as df1 and df2, respectively) and F-ratios. The levels of significance are indicated by asterisks; (*) p≤0.10; * 
p≤0.05; ** p≤0.01).
Arnica montana Gentiana pneumonanthe Succisa pratensis
df1,df2 F df1,df2 F df1,df2 F
a     LIFE STAGE
control a 1,27 851.809** 1,22 703.458**
turf cut a 1,28 262.440** 1,16 396.279** 1,24 322.130**
turf cut lime a 1,28 66.614** 1,16 329.189** 1,24 358.323**
b     ORIGIN×SITE×LIFE STAGE
control a 1,27 0.188 1,22 33.126**
turf cut a 1,28 0.926 1,16 2.100 1,24 0.095
turf cut lime a 1,28 0.882 1,16 1.206 1,24 0.396
a ratios were arcsin of square root transformed
DISCUSSION
Local adaptation
Our results show that effects of origin were observed for all three species (Table 1), 
which suggests phenotypic differentiation among the sites. This phenotypic differen-
tiation may result from phenotypic plasticity or genetic differences. We suggest that 
the observed origin effects have at least partly a genetic basis. This is supported by the 
observed phenotypic differences in biomass and RGR of Succisa pratensis when indi-
viduals were grown in identical environments (i.e. in the greenhouse) (analysed with 
the help of data from an earlier experiment; Vergeer et al. 2003). Relatively high le-
vels of genetic differentiation were also observed among Dutch populations of Arnica 
montana (Luijten et al. 2000) and Gentiana pneumonanthe (Oostermeijer et al. 1994). 
In addition, large populations of all three species in the Netherlands were shown to 
be genetically more variable and to perform better than small populations (Luijten et 
al. 2000; Oostermeijer et al. 1994; Vergeer et al. 2003). As the Havelte population is 
significantly larger than the Schaopedobbe population, this may have contributed to 
the phenotypic differences between the two sites.
Since our study species occur in isolated populations with presumably low levels of 
gene flow, and the results reveal evidence for genetic differentiation among the popu-
lations, we might expect a high propensity towards local adaptation. However, it was 
only for Succisa pratensis that strong evidence of local adaptation was found. This was 
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indicated by significant origin×site interactions, which were due to increased sur-
vival, biomass and flowering capacity at the site of origin. For Gentiana pneumonanthe, 
effects of local adaptation were observed in biomass and flowering percentage in 2003 
in turf-cut and turf-cut lime situations respectively, whereas virtually no evidence of 
local adaptation was found for Arnica montana. Numerous plant species have been 
the subject of local adaptation studies. Although some species were reported to show 
local adaptation (Schmitt and Gamble 1990; Wang, McArthur, Sanderson, Graham 
and Freeman 1997; Montalvo and Ellstrand 2000, 2001), no such adaptation was 
found for others (Rice and Mack 1991; Stanton and Galen 1997; Leiss and Müller-
Schärer 2001; Cheplick and White 2002).
In general, it is assumed that there are important prerequisites for local adaptation to 
evolve, such as genotypic variation, environmental differentiation and limited levels 
of gene flow. Under these circumstances, populations will start to differ from each 
other, after which adaptive differences between populations are expected to evolve 
in response to selection pressures inflicted by different environmental conditions. 
Although the three species we studied apparently met these requirements, our results 
revealed strong evidence of local adaptation for only one of them (Succisa pratensis). 
We can think of various potential explanations for this clearly observed difference 
between the species. Firstly, Succisa pratensis is still quite common in the Netherlands, 
although it is strongly decreasing in population size as well as numbers. In contrast, 
Arnica montana, and to a lesser extent Gentiana pneumonanthe, has been fragmented 
since several decades and presently occur only in a very limited number of isolated 
populations (Oostermeijer et al. 1994; Luijten et al. 2000). Since populations of Arnica 
montana and Gentiana pneumonanthe have generally experienced a longer history of 
inbreeding and drift than those of Succisa pratensis, their genetic variation may have 
been reduced to such an extent that their recombination potential has become too 
low to adapt to changes in the local environment. This is supported by the relatively 
high levels of observed heterozygosity that have been found in Dutch Succisa praten-
sis populations (ranging from 0.30 to 0.56; Vergeer et al. 2003) compared to those 
in Dutch populations of Arnica montana (ranging from 0.049 to 0.157; Luijten et al. 
2000) and Gentiana pneumonanthe (ranging from 0.077 to 0.150; Oostermeijer et al. 
1994). Secondly, although significant environmental differences between the popu-
lations of Arnica montana and Gentiana pneumonanthe, the differences were relatively 
marginal. This is corroborated by the relatively large differences in soil pH and NH
4
 
concentrations between the populations of Succisa pratensis compared to those of 
Arnica montana and Gentiana pneumonanthe (Table 2). This may have resulted in en-
vironmental selection pressures in Arnica montana and Gentiana pneumonanthe sites 
being too low for local adaptation to evolve. However, to prove that these effects are 
effects of local adaptation rather than of genetic drift, transplanting between two 
populations may be insufficient. The fact that both the large and the small popula-
tion of Succisa pratensis showed higher performance when transplanted in their local 
environment, suggests local adaptation as the most appropriate mechanism. We, the-
refore, believe that local adaptation considerations must be taken into account on a 
species specific basis, rather than as a general rule.
07_05.ind 09-09-2005, 15:2293
Chapter 5
94
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Management measures
The results of this study showed that management regimes such as turf-cutting can 
markedly affect transplantation success. Turf cutting in combination with liming re-
sulted in increased germination and seedling establishment of all three species. Turf 
cutting without additional liming caused a dramatic reduction in the germination 
and establishment of Arnica montana, unlike what we found for Gentiana pneumonan-
the and Succisa pratensis. These results are in agreement with an extensive study on 
the effect of turf cutting on the germination of Arnica montana (Van den Berg, Vergeer 
and Roelofs 2003), which showed that turf-cutting results in the removal of soil buf-
fering mechanisms and/or aluminium immobilising compounds. Since aluminium 
can have detrimental effects on the performance of Arnica montana (Fennema 1992; 
De Graaf, Bobbink, Verbeek and Roelofs 1997), additional liming after turf-cutting 
might be necessary to allow germination and establishment (Van den Berg et al. 
2003). In the present study, this was shown by the effect of liming in turf-cut situati-
ons.
In addition to the positive effects of habitat restoration, we observed a significant 
site×origin×management effect on the biomass of Succisa pratensis. This might in-
dicate that local adaptation of Succisa pratensis was more likely to be expressed in 
control than in turf-cut or turf-cut lime situations and thus that expression of local 
adaptation can be influenced by management regimes. An explanation might be 
that the advantage of local adaptation is more pronounced in the control situation, 
in which plants are more likely to be subjected to the sub-optimal conditions such 
as an acidified and/or eutrophied environment in which they have to compete with 
other plants. In restored situations the advantage of being locally adapted pales into 
insignificance in comparison to the beneficial effects of habitat restoration. Another 
interpretation could be that plant populations may be locally adapted to deteriorated 
habitat conditions, and that after restoration, plants cannot benefit form this local 
adaptation as new situations for both local and non-local plants are created. Unfortu-
nately, our study could not test the difference between these assumptions. It is clear, 
however, that the effect of management on local adaptation is intriguing, but hard to 
interpret.
Life stage
Effects of life stage were found for all species, in that the success of transplantation 
increased when juvenile plants were used instead of seeds, and the expression of 
local adaptation was also related to the life stage of the transplant. These results are 
in agreement with those of other studies, which observed different levels of local 
adaptation at different life stages (e.g., Antonovics and Primack 1982; Kindell, Winn 
and Miller 1996; Nagy and Rice 1997). Transplanted plants of Succisa pratensis sho-
wed local adaptation in terms of biomass, flowering capacity and plant survival, 
whereas no such evidence of local adaptation was observed for germination and the 
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establishment of germinated seeds. These results agree with those of other studies 
(Van Tienderen and Van der Toorn 1991; Kindell et al. 1996; Joshi, Schmid, Caldeira, 
Dimitrakopoulos, Good et al. 2001) which reported increased evidence of local adap-
tation during later life stages of the transplants. This may indicate that seeds are more 
sensitive than transplanted plants, and thus that the phenotype of germinated seeds 
may be more severely affected by environmental conditions than that of transplan-
ted plants (Platenkamp 1991). The effect of local environmental conditions on the 
phenotype of germinated seeds may then exceed the expression of local adaptation. 
Furthermore, as transplants are physically stronger, we suggest that these plants can 
withstand more changes in environmental conditions. On the other hand, if ger-
mination at a safe site is regarded as a stochastic event (Harper 1977; Rice and Mack 
1991), the results must be also regarded as such.
Restoration and conservation
Habitat restoration is a prerequisite for successful transplantation and/or introduc-
tion. The combination of turf-cutting and liming is a successful method for the reha-
bilitation of nutrient-poor grassland and heathland systems which were eutrophied 
and acidified. In addition, it creates optimal conditions for germination and seedling 
establishment.
Next to the effects of habitat restoration, evidence for local adaptation was shown. 
However, local adaptation was only observed in one out of three species, which illu-
strates the need for species-specific introduction strategies. It also illustrates that the 
dogma of using local populations does not apply for all species. For Succisa pratensis, 
local adaptation effects were observed between two populations which were situated 
only 20 km apart. The fact that local adaptation can evolve at very small scales might 
have strong implications for restoration and conservation biology. This may argue for 
the use of local populations for Succisa pratensis, in order to maintain the local genetic 
integrity, and not to introduce maladapted individuals. Consequently, introduction 
sources will be greatly restricted when there is a lack of (viable) local populations. 
Non-local populations may then be used, but, with the risk of local adaptation ef-
fects, it is advisable to measure the genetic variability of these populations. This espe-
cially involves introduction measures in remnant populations, where outbreeding de-
pression can seriously disrupt the introduction success. However, this is an intensive, 
time-consuming process, and it is questionable whether we can afford to wait with 
transplantation measures until we have gained these data, when species are rapidly 
declining. In this study, the observed differences between local and non-local popula-
tions were relatively weak and not as strong as described in several other studies (Kin-
dell et al. 1996; Nagy and Rice 1997; Montalvo and Ellstrand 2001). Furthermore, our 
results suggest that effects of local adaptation are less pronounced in restored areas, 
demonstrating a reduced expression of local adaptation due to restoration measures. 
This illustrates that using local populations for introduction purposes is not always a 
prerequisite for all species and situations when restoration measures are involved.
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Therefore, if a threatened species is in increasing need for restoration, and no (viable) 
local populations are available, we suggest that viable non-local populations may well 
be used, preferably from similar habitat conditions (see also Vergeer, Sonderen and 
Ouborg 2004). We realise that introduction of non-local plants is not without risk, 
especially when introducing in existing populations, since there will always be a risk 
of outbreeding depression when genetically different populations are mixed (Fenster 
and Galloway 2000). However, we suspect that the use of non-local populations has 
limited risks when little or no local adaptation is involved. Additionally, the extinc-
tion risk in rapidly declining, small and isolated populations due to inbreeding may 
be expected to be more severe than that of outbreeding depression (Tecic, McBride, 
Bowles and Nickrent 1998).
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SUMMARY
Plant biodiversity has declined seriously, because of both habitat deterioration and 
habitat fragmentation. As a result, many species have been forced into small, frag-
mented, and isolated populations and are believed to suffer from higher extinction 
risks. Genetic reinforcement and the establishment of new populations are now 
widely used to prevent species from extinction. However, the genetic background of 
transplants may seriously affect the long-term success of these populations because 
increased genetic variation may reduce the risk of inbreeding or lead to better perfor-
mance by restored heterozygosity levels (heterosis). Introduced transplants, however, 
may be poorly adapted to the new local conditions. We tested the initial success of 
alternative introduction strategies. We evaluated the potential for inbreeding, hete-
rosis, and/or local adaptation after introduction of artificial populations of Succisa 
pratensis. We introduced individuals from local and distant artificial populations that 
were created from either small or large populations. We created the artificial popula-
tions with the same census population size but varying effective population sizes by 
adjusting the relatedness of individuals. We analyzed the demographic consequences 
of inbreeding, heterosis, and/or local adaptation of these artificial populations. Re-
duced performance after selfing was manifested by a reduction in seed production, 
seed weight, germination, and flowering percentage. Seed production, seed weight, 
flowering percentage, and number of flowerheads were negatively affected by small 
population size. Local adaptation increased biomass and flowering percentage for lo-
cal individuals. Seed weight and seed production exhibited significant heterosis. Our 
results demonstrate that threatened populations can benefit from introduction and 
genetic reinforcement of individuals from related populations. Significant differences 
among the artificial populations for several measured performance components sug-
gest that introduction or reinforcement is best achieved through material from a local 
population or, when unavailable, from several large populations.
INTRODUCTION
Fragmentation and deterioration of habitats, changes in land use, and numerous di-
rect and indirect effects of human activities are considered some of the major reasons 
for the decline in biodiversity. Due to fragmentation and deterioration of habitats, 
species are forced into small and isolated populations, which are likely to suffer from 
loss of genetic variation and fixation of alleles due to genetic drift (Charlesworth and 
Charlesworth 1987; Barrett and Kohn 1991; Boyce 1992; Ellstrand and Elam 1993). 
Eventually this could lead to a decreased capability to adapt to environmental chan-
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ges and thus to a reduced evolutionary potential (Ouborg and Van Treuren 1994). 
These effects may be exacerbated by fragmentation and isolation (Wright 1969). 
Smaller and isolated patches therefore run a larger risk of inbreeding, which could af-
fect fitness traits such as longevity and dispersal capacity (Olivieri and Gouyon 1996).
Dynamics of small populations can also be affected by demographic processes. This 
has been demonstrated by Menges (1991), who found a dramatic decline in seed 
germination when isolated prairie populations of Silene regia fell below 150 plants. 
Moreover, demographic and genetic factors can act simultaneously on small and iso-
lated populations (Vergeer et al. 2003a). Ågren (1996) showed that small populations 
might experience low visitation rates and reduced pollinator success, reducing the 
level of outcrossing and increasing the rate of self-fertilization and subsequently of 
inbreeding (Jennersten 1988; Menges 1991; Lamont et al. 1993; Van Treuren et al. 
1994).  
To preserve these small and inbred populations, several conservation measures can 
be taken. One possibility is to increase dispersal, and thus alleviate isolation, by cre-
ating corridors via introduction. Another possibility is to introduce individuals from 
related populations. These measures might reinforce the genetic composition of 
populations by recombination among variable parental genomes, which may result 
in increased progeny fitness (i.e., heterosis) (Hedrick 1995; Madsen et al. 1999; Weste-
meier et al. 1998). Therefore, small, and semi-isolated populations might experience a 
“genetic rescue effect” (Ingvarsson 2001).
Populations may also be negatively affected by these measures. Introduced trans-
plants may be poorly adapted to the new local conditions. Moreover, input of new 
genes might disrupt local adaptation. Both processes reduce progeny fitness (Temple-
ton 1986; Rhymer and Simberloff 1996; Montalvo and Ellstrand 2001). This dilemma 
is of serious concern in conservation biology because it remains unclear how these 
processes affect small and isolated populations. It is therefore important to estimate 
the contribution of each of these processes and to assess the balance for the design 
of introduction strategies. Introduction strategies should focus on the long term: one 
single introduction should be sufficient for long-lasting conservation. The origin, 
variation, and relatedness of source material (i.e., single-source or multisource in-
troductions) used for transplantation or introduction should be considered in order 
to reduce the risk of creating disadvantages such as inbreeding and poorly adapted 
transplants.
Here we tested the initial success of alternative introduction strategies. We tested the 
effects of variation and relatedness of source material on the initial success of intro-
duction by introducing artificial populations of Succisa pratensis with the same census 
population size but varying effective population size by adjusting the relatedness 
of individuals. We analyzed the effects of origin and original population size of the 
source populations by examining local as well as different distant source populations. 
We analyzed the risk of inbreeding with a crossing experiment in which different le-
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vels of inbreeding were created. We hypothesized that introduction with local popu-
lations would be advantageous because of local adaptation and that introduction of 
small populations would increase the risk of disadvantages such as inbreeding.
METHODS
Study species and site
Succisa pratensis Moench (Scabiosa succisa L.) is an iteroparous, hermaphroditic, long-
lived (> 25 years) perennial herb that flowers from late July until October (Adams 
1954). Although the flowers are self-compatible, insect pollination is presumed to be 
necessary because flowers that were not visited produce few viable seeds (personal 
observation). The plant is visited by many different insect groups but predominantly 
by hoverflies and various bee species (personal observation). In the Netherlands, 
it occurs in open patches of different types of nutrient-poor grasslands, such as 
heathlands and unfertilized hay meadows. It is still quite common in the Nether-
lands, but due to changes in land use, to habitat fragmentation, and to deterioration, 
its distribution area has decreased 74% since 1935 (van der Meijden et al. 2000). The 
remaining populations are isolated from one another, with population sizes ranging 
from approximately 10 to 30,000 flowering individuals; however, many of them are 
very small and threatened with extinction.
We performed our field experiment in the nature reserve de Schaopedobbe in the nor-
thern part of the Netherlands (52° 57’N, 6°16’E). We created experimental plots in a 
sod-cut, nutrient-poor grassland, next to a heathland, that was colonized by grass and 
heathland species, including Succisa pratensis (considered a local population). The turf 
in the experimental area was cut at least 1 year before the start of the field experiment 
to reduce competition and increase establishment probabilities.
Experimental design
During the growing season of 1999, we collected seeds of Succisa pratensis on 15 ran-
domly selected flowering individuals, regularly spaced across the vegetation, in the 
local and 12 distant population (6 small and 6 large populations). Small populations 
consisted of <100 flowering individuals and large populations of >10,000 flowering 
individuals. We classified the local population as small. Only populations occurring 
on comparable vegetation types on nutrient-poor heathlands were selected. All popu-
lations occurred in the northeastern part of The Netherlands, in the same region. The 
distance between the local and all distant populations was at least 25 km.
We germinated seeds in a greenhouse and subsequently planted individuals in plastic 
pots (diameter 14 cm) filled with a 1:1 mixture of potting compost and sand. Based 
on various possible introduction strategies, different artificial populations were 
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created with the same census population size (12 individuals) but varying effective 
population sizes (N
e
) by adjusting the relatedness of the individuals. We analyzed the 
effect of origin of the individuals by combining different source populations (origin 
effect). We created artificial populations of distant small and distant large populations 
to test the effect of population size of the source populations (original population 
size effect). Artificial populations created from the local population were used to test 
whether it is advantageous to be adapted to local conditions, and artificial populati-
ons derived from a mix of only different distant populations were used to analyze ef-
fects of heterosis. The effect of relatedness of the individuals was analyzed by varying 
the number of individuals used per parent plant within an artificial population (re-
latedness effect). This resulted in an experimental design of 12 artificial populations 
(Figure 1). Four of these were derived from distant small populations, which were ran-
domly selected from the 6 distant small populations. Two of them (“unrelated small”) 
were made up of 12 unrelated individuals of 1 population (1 individual per parent 
plant); the other two (“related small”) were made up of 12 related individuals of 1 
population (6 individuals per parent plant). Similarly, 2 artificial populations with 12 
unrelated individuals and 2 artificial populations with 12 related individuals of 4 ran-
domly selected, distant large populations were created (“unrelated large” and “related 
large”, respectively). In addition, 2 artificial populations were composed of 12 unrela-
ted individuals (1 individual per parent plant) originating from the local population 
(“unrelated local”), and 2 artificial populations with 12 unrelated individuals (12 dis-
tant populations, 1 individual per population) were made as well (“unrelated mix”).
Figure 1  An overview of the experimental design to test the effect of origin, original population size, re-
latedness, and crossing type of the introduced source material on the progeny fitness of Succisa pratensis. 
Artificial populations of 12 individuals each were created from distant large populations, distant small po-
pulations, local populations, and a mix of distant populations. Related (6 individuals per parent plant) and 
unrelated (1 individual per parent plant) were used. Each plant of each artificial population received two 
treatments of self-pollination (self), and two treatments of within-population-cross pollination (wpc).
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Plants were randomized throughout the greenhouse. We watered the plants three 
times a week with tap water, corresponding to the annual amount of rainfall in The 
Netherlands of 1000 mm. During summer the temperatures varied between 20° and 
25° C during day and between 15° and 18° C during night. In winter the tempera-
tures ranged from 5° to 10° C during the day and to 0° to 5° C at night. The relative 
humidity in the greenhouse varied with day and night temperatures between 60 and 
90% respectively. 
Crossing design
In June 2000 we regrouped plants in bud stage according to their experimental popu-
lation to facilitate the crossings. Each plant of each artificial population received two 
treatments replicated twice: two flowerheads were self-pollinated by hand (“self”), 
and two flowerheads were hand-pollinated with a fresh pollen mix (daily collected) 
consisting of pollen of all other individuals within the same artificial population, 
excluding pollen of the individual itself (“wpc”). This resulted in a total of 576 pol-
linated flower heads.  Prior to wpc pollination, flowerheads were emasculated with a 
small pair of scissors to prevent self-pollination. We pollinated the plants by brushing 
the open stamens (male stage) of a flowerhead across the receptive stigmas (female 
stage) of another flowerhead. Pollinations were repeated every day until all flowers in 
a capitulum had been in the female stage. We self-pollinated the plants by manually 
brushing pollen over the stigmas within the flowerhead. After 6 weeks, we collected 
ripened, intact, seeding flowerheads. Seeds with endosperm development (thick and 
hard) could easily be distinguished from seeds without endosperm development 
(small and soft). The sum of all “developed” seeds was used to calculate total seed set. 
We did not analyze the percentage of seed set because it appeared that emasculation 
occasionally might have damaged or removed pistils. To break dormancy, the develo-
ped seeds were stored at 4° C in the dark for 6 weeks.
Analysis of plant performance
Seeds produced by each treated flowerhead were counted and weighed on a microba-
lance in the laboratory. We placed seeds on two layers of wet Whatman paper (no. 1) 
in petri dishes (one seed family per dish) under a day/night regime of 16/8 hours, at a 
temperature of 25°-20° C and a light intensity of 150 µE/m/second. Seeds were placed 
in a grid-pattern (1 seed/cm) to reduce the risk of fungal spread to neighboring seeds. 
We checked germination every 2 days and calculated the germination rate for the 
period for which the slope of the regression line through the germination curve was 
steepest (day 8-15 after sowing). Eight weeks after the start of the experiment, when 
no further germination occurred, the total number of seedlings was counted (total 
germination). To check for viability of ungerminated seeds, we squeezed seeds that 
did not germinate with a pair of tweezers. If the embryo was soft or slimy, we assu-
med it had been attacked by a fungus or died in another way; otherwise we assumed 
seeds were dormant or not viable. The seedlings (one per crossing treatment per indi-
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vidual) were subsequently individually planted in plastic pots (14-cm diameter) filled 
with a sandy, slightly acidic and nutrient-poor soil collected near the local popula-
tion. In March 2001, the 8-week-old seedlings were transplanted into the field. Sur-
vival was monitored regularly, but only final survival was included in the statistical 
analysis because we were mainly interested in the success of alternative introduction 
strategies. In September 2002, we measured final survival; at that stage all surviving 
individuals were well established and mortality rates per census were almost zero. In 
August 2002, we estimated the aboveground biomass with a nondestructive method 
based on the product of the number of leaves of the rosette and the length and width 
of the largest leaf. Regression of the estimated aboveground biomass and the actual 
dry weight was highly significant (R2 = 0.909, df = 73, p < 0.0001). In September 2002, 
we determined flowering percentage by counting the number of flowering individu-
als and the number of flowerheads per individual.
Data analysis
We started the experiment with 576 individuals, with 192 individuals per original 
population size treatment, 96 individuals per origin treatment, 96 individuals per re-
latedness treatment, and 48 individuals per crossing type treatment, of which, 96, 48, 
48, and 24 individuals, respectively, were introduced per treatment.
We tested the effect of origin of source population (distant large, distant small, local 
and a mix of distant populations) and crossing type (within-pollination cross and 
self-pollination) on the initial success of introduction by using a general linear model 
procedure (procedure general linear models, SAS for windows, version 8.2, SAS 1999-
2001), with origin and crossing type as fixed factors. These analyses only included 
unrelated individuals (Figure 1) and were analyzed according to a factorial design. To 
test the effects of origin of source population (local, distant large, distant small, local 
and a mix of distant populations), and crossing type (wpc and self) on survival and 
flowering, we used a binary response analysis (procedure Logistic, SAS for windows, 
version 8.2, SAS 1999-2001) with origin and crossing type as fixed factors according 
to a factorial design. We used a similar approach to analyze the effect of original po-
pulation size of the source populations (distant large, and distant small populations), 
relatedness (related and unrelated individuals), and crossing type (within-population 
cross and self-pollination) on the initial success of introduction. In all analyses, type 
III sums of squares were used, which did not significantly differ from type I sums of 
squares. The variable seed weight was log transformed to correct for non-normality, 
and the variables germination rate and germination fraction were transformed by a 
ln+1 and arcsin-square-root transformation, respectively. All other data were analyzed 
without transformations. A posteriori contrasts were tested with a Tukey’s multiple-
comparisons test at the significance level of α = 0.05.
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RESULTS
Seed production and seed weight
Seed production and seed weight were significantly affected by origin, original po-
pulation size, crossing type, and level of relatedness (Table 1). Artificial populations 
made up of local or distant small populations produced fewer and lighter seeds than 
did artificial populations made up of distant large or several distant populations 
(Figures 2 and 3). Furthermore, artificial populations derived from several distant po-
pulations (unrelated mix) produced more and heavier seeds than did artificial popu-
lations derived from (unrelated) distant large populations. Seed production decreased 
significantly when artificial populations were composed of related individuals, and 
selfing resulted in significantly lower seed production. Similar results were observed 
for seed weight (Table 1, Figure 3).
Figure 2  Mean seed production in relation to origin (distant large, distant small, local, and a mix of dis-
tant populations), original population size (distant large, and distant small) and relatedness (related, and 
unrelated individuals) of the source material after within-population crossing (a) and selfing (b). Signifi-
cant differences within the level of origin are indicated with different letters (Tukey’s multiple comparisons 
test, α=0.05).
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Figure 3  Mean seed weight in relation to origin (distant large, distant small, local, and a mix of distant 
populations), original population size (distant large, and distant small) and relatedness (related, and un-
related individuals) of the source material after within-population crossing (a) and selfing (b). Significant 
differences within the level of origin are indicated with different letters (Tukey’s multiple comparisons test, 
α=0.05).
Germination and germination rate
Germination was significantly affected by crossing type (Table 1) as a consequence 
of strongly reduced germination in self-pollinated plants (Figure 4). For germination 
rate, effects of origin and crossing type were significant (Table 1), with lower germi-
nation rates for the distant-small-population treatments compared with ones of the 
distant-large-population treatments. Significant interactions (origin × crossing type, 
original population size × crossing type and original population size × relatedness × 
crossing type) were also observed.
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Table 1  Results of a general linear model procedure on seed production, seed weight, germination, ger-
mination rate, biomass, and number of flowerheads, and of a binary response analysis on survival, and 
flowering percentage as a function of origin, crossing type, and origin × crossing type, and as a function of 
original population size, relatedness, crossing type, and their interactions.
Source of variation df MS F df MS F df χ2
seed production seed weighta survival
origin 3 1,599.13 13.16*** 3 0.22 11.28*** 3 0.00
crossing type 1 920.00 7.57** 1 1.44 72.36*** 1 0.01
origin × crossing type 3 63.41 0.52 3 0.14 6.90*** 3 0.00
error 358 121.50 358 0.02 177
original population size 1 1,434.04 12.63*** 1 0.69 25.94*** 1 0.00
relatedness 1 1,433.04 12.62*** 1 0.40 15.25*** 1 0.30
crossing type 1 943.64 8.31** 1 0.54 20.54*** 1 0.00
original population size × relatedness 1 293.89 2.59 1 0.04 1.41 1 0.01
original population size × crossing type 1 24.50 0.22 1 0.12 4.46* 1 0.00
relatedness × crossing type 1 27.91 0.25 1 0.05 1.86 1 0.01
original pop.size × crossing type × 
    relatedness
1 97.55 0.86 1 0.52 19.48*** 1 0.00
error 376 113.57 376 0.03 162
germinationb
germination 
ratec
flowering 
percentage
origin 3 0.03 0.79 3 0.13 4.78** 3 37.49***
crossing type 1 2.29 53.32*** 1 0.24 8.77** 1 6.76**
origin × crossing type 3 0.03 0.70 3 0.20 7.17*** 3 4.66
error 358 0.04 358 0.03 161
original population size 1 0.09 1.82 1 0.04 1.30 1 14.42***
relatedness 1 0.16 3.30 1 0.04 1.30 1 3.47
crossing type 1 2.36 50.32*** 1 0.09 2.93 1 5.12*
original population size × relatedness 1 0.00 0.01 1 0.07 2.23 1 4.99*
original population size × crossing type 1 0.11 2.44 1 0.44 13.89*** 1 2.40
relatedness × crossing type 1 0.05 0.96 1 0.00 0.06 1 1.30
original pop.size × crossing type × 
    relatedness
1 0.05 1.02 1 0.14 4.48* 1 1.42
error 376 0.05 376 0.03 162
biomass flowerheads
origin 3 3.27E8 9.02*** 3 1.33 2.81*
crossing type 1 1.38E7 0.38 1 0.64 1.35
origin × crossing type 3 7.22E7 1.99 3 1.50 0.32
error 160 3.63E7 98 0.47
original population size 1 2.53E7 0.58 1 7.56** 10.30**
relatedness 1 7.87E3 0.00 1 0.00 0.00
crossing type 1 6.71E5 0.02 1 1.31 1.79
original population size × relatedness 1 4.68E8 13.65*** 1 0.06 0.08
original population size × crossing type 1 2.49E8 7.26** 1 0.49 0.67
relatedness × crossing type 1 2.49E8 7.25** 1 0.73 1.00
original pop.size × crossing type × 
    relatedness
1 3.80E7 1.11 1 0.00 0.00
error 162 3.43E7 48 0.73
* p<0.05; ** p<0.01; ***p<0.001. a seed weight was log transformed to correct for non-normality; b germination was arcsin 
square root transformed to correct for non-normality; c germination rate was ln+1 transformed to correct for non-normality.
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Figure 4  Mean germination in relation to origin (distant large, distant small, local, and a mix of distant 
populations), original population size (distant large, and distant small) and relatedness (related, and un-
related individuals) of the source material after within-population crossing (a) and selfing (b). Significant 
differences within the level of origin are indicated with different letters (Tukey’s multiple comparisons test, 
=0.05).
Biomass and survival 
In the field, crossing type did not significantly affect biomass, and there was no re-
latedness effect (Table 1). Effects of origin were indicated, however, by a remarkably 
high biomass for individuals of the local populations (Table 1, Figure 5). Interaction 
effects (original population size × crossing type, original population size × relatedness, 
and relatedness × crossing) were significant, suggesting crossing type and/or related-
ness effects in at least some populations. In the field, mean mortality of all transplan-
ted plants declined with increasing age, with the highest mortality during the first 
field season. Mean mortality rates measured every 3 months during the first 1.5 years 
of life were low (0.05, 0.07, 0.03, 0.01 [winter], 0.00, and 0.00, respectively).
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Figure 5  Mean estimated biomass in relation to origin (distant large, distant small, local, and a mix of dis-
tant populations), original population size (distant large, and distant small) and relatedness (related, and 
unrelated individuals) of the source material after within-population crossing (a) and selfing (b). Signifi-
cant differences within the level of origin are indicated with different letters (Tukey’s multiple comparisons 
test, α=0.05).
Flowering
In 2002 we measured significant effects of origin and original population size on flo-
wering percentage (Table 1, Figure 6). Plants from distant small populations were less 
likely to flower than those from other distant populations. Furthermore, plants from 
the local population and from a mix of distant populations showed higher flowering 
percentages than did plants from distant large and distant small populations. For the 
number of flowerheads produced, we observed significant effects of origin and cros-
sing type (Table 1) because of decreased flowerhead production in plants originating 
from small populations and because of effects of selfing.
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Figure 6  Mean flowering percentage in relation to origin (distant large, distant small, local, and a mix of 
distant populations), original population size (distant large, and distant small) and relatedness (related, 
and unrelated individuals) of the source material after within-population crossing (a) and selfing (b). Sig-
nificant differences within the level of origin are indicated with different letters (Tukey’s multiple compari-
sons test, α=0.05).
DISCUSSION
Our objective was to evaluate the initial success of alternative introduction strategies 
as a restoration measure, either for genetic restoration of small, inbred, and threa-
tened populations or for establishment of new populations. Several potential pro-
blems may be associated with introduction, the most immediate of them being the 
increased risks of inbreeding depression and the disruption of local adaptation.
The risk of inbreeding in introduced populations was demonstrated by crossing expe-
riments that showed strong reductions in seed production, seed weight, germination, 
germination rate, and flowering percentage after selfing. Small populations are ex-
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pected to suffer from a loss of genetic variation (genetic erosion) as a result of genetic 
drift and a higher risk of inbreeding (Charlesworth and Charlesworth 1987; Barrett 
and Kohn 1991; Young et al. 1999). Effects of inbreeding in small populations have 
already been shown in several plant species (Menges 1991, 1992; Ouborg and van 
Treuren 1995; Ågren 1996; Fischer and Matthies 1998; Jennertsen 1988; Kéry et al. 
2000; Luijten et al. 2000, 2002), including Succisa pratensis (Vergeer et al. 2003a). It is 
therefore likely that introduction of related or single-source material of small popula-
tions will result in an increased propensity to inbreeding in introduced populations. 
In addition we observed population-size effects in the introduced offspring of distant 
small populations, such as reduced seed production, lower germination rate, and re-
duced flower capacity. These results were in agreement with earlier studies of Succisa 
pratensis (Vergeer et al. 2003a, 2003b), in which population size was correlated with 
genetic variation and fitness: small populations performed more poorly, had higher 
inbreeding coefficients, and suffered more from deteriorating soil conditions. We also 
observed effects of relatedness of the source material, evident as reduced seed weight, 
seed production, and biomass and as increased mortality when related individuals 
were introduced. These results suggest an increased risk of inbreeding depression 
when related source material is introduced. Significant interactions of original popu-
lation size × crossing type and original population size × crossing type × relatedness 
for seed weight and germination rate (Table 1) were also measured. These interactions 
may suggest that distant small populations are genetically eroded and that lack of 
expression of inbreeding depression may be due to a lack of genetic variation and 
thus limited differences between selfing and outcrossing (within population-cross 
treatments). Another interpretation is that both the seed weight and germination 
rate of seeds derived from distant small populations were less affected by selfing than 
were those of seeds derived from distant large populations. This might suggest that 
these small populations were already inbred to some degree. Because we could not 
analyze these assumptions, it is not possible to determine whether these results were 
due to a lack of genetic variation or to inbreeding depression. It is clear however, that 
the data suggest that small populations are more likely to suffer from a loss of genetic 
variation than large populations, which may affect fitness, and subsequently result in 
a lower success of introduction.
Our results emphasize the importance of genetic variability among introduced in-
dividuals, which is strongly influenced by origin and relatedness of source material. 
Introduction of several (large) populations may introduce genetically more variable 
material, and introducing of multisource material may foster greater success through 
recombination among variable parental genomes. When high numbers of unrelated 
individuals from different source populations are introduced, a large and genetically 
variable gene pool will be introduced in which maladapted individuals will be out-
competed by the best-adapted individuals (i.e., natural selection) (Tecic et al. 1998). 
The importance of multisource introductions of different source populations is illu-
strated by our findings of increased performance of seed production, seed weight, and 
flowering percentage after interpopulation crosses (“unrelated mix”). This increase in 
plant performance suggests that at least some of the populations were already subjec-
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ted to genetic erosion and that interpopulation crossing increased genetic variation 
by recombination among variable parental genomes and subsequently enhanced 
progeny fitness (i.e., heterosis). Similar results have been found for both animal spe-
cies (Hedrick 1995, 2001; Westemeier et al. 1998; Madsen et al. 1999) and other plant 
species (Fenster 1991; Les et al. 1991; DeMauro 1993; Oostermeijer et al. 1995; Byers 
1998; Luijten et al. 2002). Our study and the others listed suggest that at least some 
small and inbred populations of endangered species could be genetically restored via 
the introduction of individuals from related populations. Similar conclusions have 
been drawn by Helenurm (1998), van Groenendael et al. (1998), Fenster and Gallo-
way (2000), Galloway and Fenster (2000) and Luijten et al. (2002).
We found indications of local adaptation. Plants from local populations had a hi-
gher biomass and produced more flowers than plants from distant populations, even 
though the distant seed sources were from populations whose habitat was similar to 
that of the experimental site. This suggests that material taken from populations from 
different habitats might perform worse than those taken from similar habitats, thus 
highlighting the importance of using local seed sources. Although these effects were 
pronounced, it cannot be concluded that they were an effect of local adaptation, 
because we did not perform reverse transplantation -the local population was not 
tested on the site of the distant population- and we cannot exclude maternal effects. 
However, numerous researchers have shown the effects of local adaptation by measu-
ring the higher performance of local relative to distant transplants (Schemske 1984; 
Silander 1985; Waser and Price 1985; Schmitt and Gamble 1990; Wang et al. 1997; 
Montalvo and Ellstrand 2000a, 2000b, 2001). This home-site advantage implies that 
if distant transplants are introduced, they may be poorly adapted. Further problems 
can arise if distant transplants cross with local plants, which may disrupt locally 
adapted genotypes, and lead to reduced performance of the hybridized progeny (i.e., 
outbreeding depression) (Fenster and Dudash 1994; Knapp and Rice 1994; Montalvo 
et al. 1997). Outbreeding depression, however, is normally manifest in the second 
and later generations as a result of recombination between parental genomes, and is 
unlikely to be seen in the first generation (Lynch 1991; Fenster and Galloway 2000). 
In our study, only the first generation was analyzed, so conclusions regarding out-
breeding depression cannot be drawn.
To determine which introduction strategy is most likely to be successful in esta-
blishing new populations or in supplementing existing populations, the artificial 
populations established in this experiment should be followed for several years. We 
followed only the first 1.5 years, so it is not possible to conclude which strategy is 
most successful for long-lasting introduction. In spite of these limitations, our study 
reveals important features of the initial success of alternative introduction strategies. 
We suggest that genetic reinforcement of small and threatened populations of for-
merly dominant or abundant species (such as Succisa pratensis in The Netherlands) 
might be a successful restoration technique. Source populations must be carefully 
chosen, however, to reduce risk of disadvantages such as inbreeding, local adaptation, 
and outbreeding depression. We strongly encourage the use of a local population (if 
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available) with a high variety of unrelated individuals, provided that the population 
is genetically variable. In general, however, there will be either no local population 
or the local population will have already experienced a long history of inbreeding. In 
these situations we suggest the use of large numbers of unrelated individuals (mul-
tisource introductions) from a mix of different, genetically variable genotypes of 
several (large) populations as the most successful strategy for the creation of sustaina-
ble and viable populations. Selection of source populations with habitat conditions 
similar to those of the future population is advised to diminish eventual problems of 
local adaptation.
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ABSTRACT
In two natural heathland vegetations, we analysed the effect of turf cutting on 
spore numbers of arbuscular mycorrhizal fungi (AMF). Next to this, we performed 
a controlled factorial experiment to examine the role of AMF for germination and 
establishment of Arnica montana in both turf cut and non-turf cut situations. AMF 
spore numbers decreased with soil depth, and, along with the topsoil, almost all AMF 
spores were removed with the removal of the acidified and/or eutrophied organic 
layer. Recolonisation of AMF spore numbers after turf cutting was slow: spore num-
bers of approximately 60 to 95 spores g-1 dry soil were found two and a half years after 
turf cutting, corresponding with 55 to 70% of AMF spore numbers found in natural 
field populations of Arnica montana. Since AMF colonisation increased establishment 
and biomass, and decreased mortality of Arnica montana, it was suggested that lack 
of AMF after turf removal might complicate the establishment of this herbaceous 
species. Removal of organic material as a management measure should therefore ca-
refully be applied, taking in consideration the low recolonisation rates of AMF as this 
can markedly affect the success of restoration.
INTRODUCTION
Many natural and semi-natural ecosystems in Western Europe, such as heathlands 
and species-rich grasslands, are threatened by soil acidification and eutrophication 
mainly resulting from atmospheric nitrogen and sulphur deposition (Roelofs, 1986; 
Aerts et al. 1991; Uren et al. 1997). These ecosystems have declined considerably in 
area, and are subject to succession and increased dominance of grasses, with a decre-
ase in diversity (Aerts and Heil, 1993; Bobbink et al. 1998) and a loss of characteristic 
herbaceous species, such as Arnica montana L. (Asteraceae) (Fennema, 1992; Houdijk 
et al. 1993).
Many attempts to restore nutrient-poor systems have, therefore, focussed on counter-
acting the detrimental effects of eutrophication and acidification. In Western Europe, 
measures such as the removal of the eutrophied and/or acidified soil layer (turf cut-
ting) have been shown to restore nutrient poor soil conditions (Aerts and Heil, 1993; 
Snow and Marrs, 1997) and the restoration of Calluna vulgaris-dominated heaths 
(Helsper et al. 1983; Werger et al. 1985). However, De Graaf et al. (1998) found that 
many herbaceous species did not return after turf removal.
THE EFFECT OF TURF CUTTING ON PLANT AND AR-
BUSCULAR MYCORRHIZAL SPORE RECOLONISATION: 
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The main objective of turf cutting is to remove the eutrophied and/or acidified soil 
from the system, but this also removes the majority of the seed pool from the soil. 
Recolonisation from seed will, therefore, largely depend on seed dispersal or restora-
tion measures such as (re)introduction. However, even if seeds are available, changes 
in physical and chemical parameters after turf cutting can prevent restoration suc-
cess. De Graaf et al. (1998) reported an accumulation of ammonium-nitrogen due to 
an enhanced mineralisation and ongoing atmospheric deposition after turf cutting, 
and Van den Berg et al. (2003) showed a reduced soil moisture content and a redu-
ced capacity of complexing toxic aluminium after turf cutting due to the removal 
of organic compounds. Furthermore, the organic layer is an important pool of soil 
organisms. Many soil organisms, including saprotrophic fungi, collembola and nema-
todes were found to be affected negatively by turf removal (Klapp and Schmidt, 1992, 
1995). Organic topsoil is also an important habitat for arbuscular mycorrhizal com-
munities (Rose and Paranka, 1987; Bellgard, 1993). We, therefore, suspect that turf 
cutting may affect the occurrence and vitality of these communities negatively.
Interactions between arbuscular mycorrhizal fungi (AMF) and plants are expected to 
be important, especially in nutrient poor systems such as heathlands. AMF coloni-
sation might result in the broadening of the range of habitats in which the species 
can grow in, due to their beneficial effects (Peat and Fitter, 1993). Colonisation with 
AMF promotes plant growth by increasing nutrient uptake (Marschner and Dell, 
1994; Smith and Read, 1996), and they may interfere with pathogens (Newsham et 
al. 1995), alter drought resistance (Ruiz-Lozano and Azcon, 1995; Smith and Read, 
1996), and increase tolerance to aluminium and soil acidity (Cuenca et al. 2001). 
AMF have been shown to influence the process of recovery of disturbed ecosystems 
(Allen, 1991; Johnson et al. 1991; Van der Putten et al. 2001) and help determine the 
composition of plant communities (Francis and Read, 1994; Van der Heijden et al. 
1998; Hedlund and Gormsen, 2002).
The herbaceous species which are currently declining in heathland vegetations, 
including  Arnica montana, have AMF interactions (Heijne et al. 1989; Heijne et al. 
1996). The presence and/or absence of AMF communities is, therefore, expected to be 
an important factor for the establishment of these herbs after turf removal.
In this paper, the effect of turf cutting on AMF spore numbers was related to the effect 
of AMF on the performance of Arnica montana, a herbaceous perennial, which, in the 
Netherlands, is characteristic of nutrient-poor grasslands and dry heathlands. This 
species is now threatened by extinction due to habitat fragmentation and habitat de-
terioration, and is, therefore, a bio-indicator species of nutrient-poor grasslands and 
dry heathlands in the Netherlands.
AMF spore numbers in two natural, non-declining Arnica montana populations were 
analysed at different depths. Next to this, the recolonisation rate of AMF in three 
field sites was measured before and after turf cutting. We expect that turf cutting will 
remove most of the AMF and, therefore, hinders the establishment of Arnica montana 
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compared to situations in which AMF were not removed. In order to analyse this, an 
experiment was performed under controlled conditions in the laboratory, in which 
seeds of Arnica montana were germinated and seedlings were grown in both undistur-
bed and turf cut soil cores. The cores were inoculated with a natural AMF culture or 
remained uninoculated. We hypothesised reduced growth and higher mortalities of 
Arnica montana in cores without AMF treatment, and that these effects would be more 
pronounced in the turf cut treatments.
MATERIAL AND METHODS
Spore populations and spore recolonisation in the field
Spore populations in natural, non-declining populations of Arnica montana were 
analysed in two nutrient-poor heathland areas, ‘Schaopedobbe’ (52°57’N, 6°16’E) 
and ‘Havelte’ (52°48’N, 6°13’E), located in the northern of the Netherlands. Both 
heathlands consists of species-rich heathland vegetation with a high frequency of 
herbaceous species, including Arnica montana. In both areas, soil samples were collec-
ted at three randomly selected sites. The samples were taken with an auger (diameter 
3 cm), and divided into 5 depth classes (0-5, 5-10, 10-15, 15-20, 20-25 cm). The first 
samples were taken in May 2001, and repeated every four months one year. Following 
soil sampling, spores were extracted and counted from 25 ml aliquots by wet-sieving 
and sucrose centrifugation (Walker, 1991). Spores were then placed in gridded petri 
dish and counted using a dissecting microscope (×40). Dead spores were distinguis-
hed from live ones by careful examination of the morphological characteristics of 
each spore and their response to punching with a needle in case of doubt. Bulk den-
sity was determined by air drying an aliquot of each soil sample (24 hours, 105°C). 
The total number of spores was expressed per gram dry soil.
The recolonisation rate of AMF after turf cutting was analysed in three experimental 
fields before and after turf cutting from April 2000 till October 2002, by measuring 
the increased number of spores per gram dry soil in time. The largest experimental 
area (400 m2) was located in the Schaopedobbe nature reserve (Sdobbe). The other 
two areas were located in Havelte nature reserve, and measured 80 m2 (Havelte1) and 
200 m2 (Havelte2). The experimental fields were located within 100 m of local Arnica 
montana populations and were classified as nutrient-poor heathland areas, dominated 
by grasses. At the start of the experiment, turf was removed to expose the mineral 
layer (15-20 cm). At each site, three soil samples were randomly taken using an auger 
(depth 0-5 cm, diameter 3 cm) 1 week before and 1, 3, 7, 13, 18 and 30 months after 
turf removal. Spores from these soil samples were extracted and counted as men-
tioned above.
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Inoculation experiments
Plants, soil and fungal material used for inoculation experiments originated from the 
Schaopedobbe heathland. To obtain AMF cultures from the natural Arnica montana 
population, soil samples were taken with an auger (depth 10 cm, diameter 3 cm) in 
May 2001. The samples were collected within 30 cm of 15 randomly selected Arnica 
montana individuals. Spores were extracted by wet-sieving and sucrose centrifugation 
(Walker, 1991). After a recovery period of 24 hours at 4°C in axenic water, spores were 
propagated on Plantago lanceolata.
Seeds of Arnica montana were collected from 15 flowering individuals selected rand-
omly. Seeds were sterilised for 10 minutes with a 10% solution of sodium hypochlo-
rite, and subsequently rinsed with bidistilled water.
48 Soil cores were collected from the Schaopedobbe; all the organic material (20 cm) 
was removed (turf cut) from half, and the vegetation was carefully clipped in the 
remainder (undisturbed) to exclude effects of resource competition by the original 
vegetation. All cores measured 16 cm in diameter and 20 cm in depth. The original 
vegetation was clipped every two weeks during the experiment. Half of the turf cut 
and half of the undisturbed cores were sterilised using irradiation (γ-irradiation, 30 
kGray), resulting in a fully factorial design of 24 sterilised and 24 unsterilised cores of 
which 12 with undisturbed and 12 with a turf cut treatment. 
To investigate the effect of AMF and turf removal on the germination of Arnica monta-
na, seeds were sown in 24 out of 48 cores (50 seeds/core), representing all treatments. 
In the remaining 24 cores seedlings were planted (9 seedlings/core), after they had 
germinated and grown for 4 weeks on sterilised (γ-irradiation, 30 kGray) quartz sand. 
Cores were inoculated with either 10 gram of AMF soil inoculum (+AMF) or 10 gram 
of sterilised (γ-irradiation, 30 kGray) AMF soil inoculum (-AMF), resulting in three 
replicates for each treatment. The inoculum was mixed with the topsoil (3 cm). To 
re-establish micro-organisms other than AMF, all 48 pots received 20 ml of inoculum 
washing (30 g inoculum sieved through a 32 µm, sieve with 1000 ml bidistilled wa-
ter). All 48 cores were watered 3 times a week with distilled water, corresponding to 
the annual amount of rainfall in the Netherlands (800 mm). No additional nutrients 
were given during the experiment. The cores were kept in a climate room at a day/
night regime of 16/8 h, a temperature of 15/20 °C and a light intensity of 150 µE m-2 
s-1.
Soil analysis
Soil conditions of the soil cores were analysed by collecting one soil sample per pot 
using an auger (depth 10 cm, diameter 3 cm), at the end of the experiment. From all 
samples, water extractable NO
3
 and exchangeable NH
4
 were measured colorimetrical-
ly and corrected for colouring by humic acids. Total extractable P was measured after 
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extraction with 0.2 M NaCl using inductively coupled plasma emission spectropho-
tometry (ICP spectroflame). We measured soil pH in water extracts and soil moisture 
content after drying fresh soil for 24 h at 105 °C. Total available N was calculated as 
the sum of water extractable NO
3
 and exchangeable NH
4
.
Measurements and harvesting
Germination was counted every two days and germination rate was calculated for 
the period where the slope of the regression line through the germination curve was 
steepest (8 to 15 days after sowing). Five weeks after the start of the experiment, when 
no further germination was observed, the total number of seedlings was counted 
(total germination). Ten weeks after the start of the experiment the total number of 
live seedlings that had established were counted, resulting in an estimate of establish-
ment. To analyse the effect of AMF and turf removal on growth of the transplanted 
seedlings, we measured biomass at the start of the experiment and after 2, 3, 6, 9, 11 
and 13 weeks. Biomass was measured per soil core as mean biomass of all living indi-
viduals. Biomass was estimated non-destructively, based on the product of the num-
ber of leaves of the rosette and the length and width of the largest leaf, which is high-
ly correlated with the aboveground biomass (r2 0.707, p ≤ 0.0001; Luijten et al. 2000). 
Seedlings growth was calculated as the increase in biomass related to the biomass at 
the moment of transplantation of the 4 week old seedlings. The effect of AMF and 
turf removal on mortality of the transplanted seedlings was measured by the number 
of individuals that died during the experiment. Mycorrhizal colonisation of the roots 
of the transplanted seedlings was analysed 13 weeks after the start of the experiment, 
using the roots of the four largest plants. The root samples were cut into pieces of 10 
mm lengths and mixed thoroughly. A random sample of approximately one third of 
the roots was examined for the presence of mycorrhiza’s, using the staining techni-
que of Phillips and Hayman (1970). Mycorrhizal colonisation was recorded using a 
dissecting microscope (×40) with a modified line intersection method (McGonigle et 
al. 1990), where a minimum of 100 line intersections per root sample were scored for 
the presence of hyphae, vesicles or arbuscules.
Statistical analysis
All data were statistically analysed using the SPSS 10.0 package (SPSS Inc. Chicago, 
IL), after testing for normality. The recolonisation rate of AMF in the three different 
field sites was examined using the general linear model procedure for repeated measu-
rements. The differences in spore populations at different depths were analysed using 
a one-way ANOVA model. The response of soil conditions to turf removal and sterili-
sation was analysed with a general linear model, with turf removal and sterilisation as 
fixed factors. These data were log-transformed to correct for non-normality. The effect 
of turf cutting and AMF inoculum on percentage root infection in sterilised and non 
sterilised treatments was analysed using a general linear model procedure, with turf 
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cutting (turf cut/undisturbed) and AMF inoculum (+AMF/-AMF) as fixed factors. Ra-
tios were square-root-transformed before analysis. The effects of AMF and turf remo-
val on germination, germination rate, establishment and mortality of Arnica montana 
were tested by using a general linear model procedure on the different plant perfor-
mance parameters, with turf cutting (turf cut/undisturbed), AMF inoculum (+AMF/-
AMF) and sterilisation (sterilised/unsterilised) as fixed factors. The effects of AMF and 
turf removal on growth of Arnica montana was tested by using a general linear model 
procedure for repeated measurements. A significant time effect was found, but since 
we were mainly interested in the between-subjects effects, only the between-subjects 
effects are shown.
RESULTS
Spore populations and spore recolonisation of field sites
Total counts of AMF spores ranged from 110 to 135 spores g-1 dry soil in the topsoil 
layer (0-5 cm) and from 0-5 spores g-1 dry soil in the deepest soil layer measured (20-
25 cm), showing a significant decrease in spore numbers with increasing soil depth 
(Figure 1, Table 1a). A small, but not significant, difference between the field sites Ha-
velte and Schaopedobbe was observed.
Table 1  Statistical results of repeated measures of analysis of variance (general linear models) on total 
AMF spore counts (g-1 dry soil) in different soil depths (1a) and in different field sites after turf cutting (1b) 
of Arnica montana populations. The degrees of freedom, mean squares and F-ratios are shown. The levels 
of significance are indicated by an asterisk (* p≤0.05; ** p≤0.01; *** p≤0.001).
a Between-subjects effects
(spore number)
Within-subjects effects
df MS F df MS F
field site 1 2992 1.488 time 1 34 0.015
depth 4 67524 33.573*** time × field site 1 1118 0.500
field site × depth 4 3502 1.741 time × depth 4 297 0.133
error 20 2011 time × field site × depth 4 900 0.402
error(time) 20 2237
b Between-subjects effects
(turf removal)
Within-subjects effects
df MS F df MS F
field site 2 4620.167 6.395* time 1 27702.90 253.858***
error 6 722.486 time × field site 2 489.16 0.064
error(time) 6 109.13
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Figure 1  Number of AMF spores in different soil depths in two natural Arnica montana populations. The 
population Schaopedobbe is indicated by ‘Sdobbe’, the population Havelte by ‘Havelte’. Mean values (g-1 
dry soil) ± standard errors are shown.
Turf cutting significantly reduced total AMF spore counts (Figure 2). In the experi-
mental field sites, total spore counts of approximately 100 to 125 spores g-1 dry soil 
were measured 1 week before turf cutting, whereas a total spore count of only 19 to 
39 spores g-1 dry soil was found during the first 13 months after turf cutting. After 30 
months, a total spore count of approximately 60 to 95 spores g-1 dry soil was measu-
red. These figures illustrated a spore abundance which was positively correlated with 
time after turf cutting. The recolonisation rate of AMF at Havelte 1, which was the 
smallest field site (80 m2), was greater than the other two field sites (Table 1b). Howe-
ver, the relationship between field size area and recolonisation of AMF could not be 
tested, since replicates for field size area were not included in this experimental de-
sign. The total spore counts of two natural Arnica montana populations, which serve 
as control sites for total AMF spore numbers in natural heathland vegetation, measu-
red 110 to 150 spores g-1 dry soil in the topsoil layer (Figure 2). 
0025710515210015705520
5-0
01-5
51-01
02-51
52-02
so
il 
de
pt
h 
(c
m
)
spores g-1 dry soil
Sdobbe
Havelte
09_07.ind 09-09-2005, 15:24127
Chapter 7
128
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Figure 2   Number of AMF spores in the upper soil layer (0-5 cm) 1 week before and during 30 months 
after turf cutting. The number of AMF spores in the upper layer (0-5 cm) in two natural populations of 
Arnica montana are indicated by ‘Sdobbe’ and ‘Havelte’. Mean values (g-1 dry soil) ± standard errors are 
shown.
Soil analysis soil cores
Turf removal of the soil cores significantly changed some soil chemical parameters 
(Table 2). An increase in pH was observed after turf removal (Figure 3a). As was shown 
in figure 3b and 3c, total available N and total available P showed a slight decrease 
after turf removal, although not significant (Table 2). The pH and total N were incre-
ased and soil moisture content was decreased after sterilisation (Figure 3a,b,d and Ta-
ble 2). No significant effect of AMF inoculum on any of the measured soil parameters 
was found (Table 2)
Table 2: Statistical results of the effects of turf removal, sterilisation and AMF inoculum on different soil 
chemical parameters in the soil cores. The degrees of freedom for the specific soil chemical parameter and 
the error term (indicated as df1 and df2, respectively), mean squares and F-ratios are shown. The levels of 
significance are indicated by an asterisk (* p≤0.05; ** p≤0.01; *** p≤0.001).
turf removal sterilisation AMF inoculum
df (1,2) MS F MS F MS F
pH 1,40 1.11 22.304*** 1.28 25.72*** 0.14 2.771
total N 1,40 1.50E04 0.174 5.68E05 6.59* 2.40E05 2.777
total P 1,40 1.88E-04 0.000 2.22 0.59 6.02 1.596
moisture content 1,40 2.32E-04 0.498 1.21E-02 26.00*** 1.69E-03 3.624
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Figure 3  The effect of sterilisation, turf removal and AMF inoculum on different chemical parameters in 
the soil cores. Mean values ± standard errors are shown.
Effects of amf inoculation, sterilisation and turf removal on plant 
performance
Root samples from all unsterilised treatments and from all AMF inoculated treat-
ments (+AMF) showed mycorrhizal colonisation (Figure 4a,b). In the non sterilised 
treatments, significantly lower percentages of root infections were observed in turf 
cut –AMF treatments. This is illustrated by a significant turf removal effect in the 
non sterilised treatments (Table 3a). Higher percentages of root colonisation were ob-
served when AMF inoculum was added (Figure 4a). No mycorrhizal colonisation was 
found in the roots taken from the sterilised treatments which did not receive AMF 
inoculum (sterilised –AMF), resulting in significant AMF inoculum effect in the sterili-
sed treatments (Figure 4b, Table 3b).
Effects of sterilisation were significant for all measured performance parameters of 
Arnica montana (Table 4). Both seeds and seedlings reacted negatively on sterilisation. 
Sterilisation resulted in higher mortality and lower germination, germination rate, 
seedling growth and establishment (Figure 5a-e).
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Table 3  Statistical results of the effects of turf removal and AMF inoculum on percentage root infection 
of Arnica montana in non sterilised (3a) and sterilised treatments (3b). The degrees of freedom for the 
treatment effect and the error term (indicated as df1 and df2, respectively), mean squares and F-ratios are 
shown. The levels of significance are indicated by an asterisk (* p≤0.05; ** p≤0.01; *** p≤0.001).
a non sterilised
turf removal AMF inoculum turf removal × AMF inoculum
df (1,2) MS F MS F MS F
percentage root colonisation 1,8 0.270 22.271** 0.007 0.562 0.025 2.050
b sterilised
turf removal AMF inoculum turf removal × AMF inoculum
df (1,2) MS F MS F MS F
percentage root colonisation 1,8 0.022 1.357 0.681 42.231** 0.013 0.826
Figure 4  The effect of turf removal and AMF inoculum on percentage root infection of transplanted seed-
lings of Arnica montana (after 13 weeks) in non sterilised (4a) and sterilised (4b) treatments. Mean values ± 
standard errors are shown.
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Figure 5  The effect of sterilisation, turf removal and AMF inoculum on germination (5a), germination rate 
(5b) and establishment of germinated seeds (5c) and growth after 13 weeks (5d) and mortality (5e) of 
transplanted seedlings of Arnica montana in the soil cores. Mean values ± standard errors are shown.
Total germination of Arnica montana was increased significantly by turf cutting (Table 
4), in both sterilised and non-sterilised conditions (Figure 5a). Seedling growth howe-
ver, was reduced by turf removal, resulting in a decreased growth in turf cut treatments 
(Figure 5d). Seedling mortality, on the other hand, was positively effected by turf re-
moval, as was illustrated by lower mortalities in the turf cut treatments (Figure 5e).
Significant sterilisation × AMF interactions were observed for establishment, seedling 
growth and seedling mortality. Establishment of the germinated seeds was signifi-
cantly increased by the addition of AMF inoculum (Figure 5c). This increase was grea-
ter in turf cut treatments compared to undisturbed treatments, as was illustrated by a 
significant turf removal × AMF interaction (Table 4). Similar patterns were observed for 
mortality (Table 4). Since sterilisation itself caused significant differences between the 
soil cores, e.g. soil pH, total available N and moisture content (Table 2 and Figure 3), a 
two-way ANOVA was performed on the unsterilised treatments, with turf removal and 
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AMF inoculum as fixed factors. In this analysis, next to significant turf removal × AMF 
interactions for establishment and mortality (Table 4), a significant turf removal × 
AMF interaction for seedling growth was found (df 8; MS 1458.054; F 14.086; p≤0.01).
DISCUSSION
Turf cutting seriously changes soil characteristics and belowground soil communities, 
which may have pronounced effects on the success of recolonisation after turf cut-
ting. In this study we analysed the effect of turf cutting on AMF spore numbers and 
related this to the performance of Arnica montana after turf cutting.
In two natural, non-declining field populations of Arnica montana, most AMF spores 
were found in the organic topsoil layer at a depth of 0-10 centimetres. These figures 
were consistent with those of Rose and Paranka (1987) and Bellgard (1993). Removal 
of the eutrophied and/or acidified topsoil often requires removal of the whole orga-
nic layer, and thus might imply that, after such a soil disturbance, most of the AMF 
community will be removed. This is illustrated by the decrease in total spore numbers 
after turf cutting of the experimental field sites. Recolonisation of AMF may there-
fore be essential during the first years after turf cutting when spore numbers are low. 
Recolonisation of AMF after turf cutting however, is a time-consuming process: AMF 
spore numbers started to increase as from the second year after turf removal. After 2.5 
years, spore numbers of approximately 60 to 95 spores g-1 dry soil were found, cor-
responding to 55-70% of the spore numbers of the analysed natural field populations 
of Arnica montana. These figures were high compared to the recolonisation rates of an 
abandoned field site found by Boerner et al. (1996), but rather low compared to the re-
colonisation rates measured by Gould et al. (1996), who found disturbed mine sites to 
be naturally recolonised within 2.5 years. Effects of soil disturbance on AMF commu-
nities were also illustrated by Cuenca et al. (1998) and Lovera and Cuenca (1996), who 
found a strong reduction in both AMF spore number and diversity even after 12 years.
In our soil core experiments with both sterilised and non sterilised soil we analysed 
the effect of turf cutting on germination and establishment of Arnica montana. Sig-
nificant effects of sterilisation were observed for all performance measures. However, 
since seedlings of unsterilised –AMF treatments showed higher performance compa-
red to seedlings of sterilised +AMF treatments, we suspect that the effect of sterilisa-
tion includes more than the lack of AMF. We suppose that altered soil conditions after 
sterilisation had negative effects on Arnica montana. An increase of total N was found 
after sterilisation, in accordance with other studies (Handlos, 1981; Wen et al. 1997). 
This could be explained by an increase in ammonium concentrations, as irradiation 
deaminates amino acids (Handlos, 1981). High concentrations of ammonium were 
found to reduce germination, seedling establishment and seedling growth of Arnica 
montana (Fennema, 1992; De Graaf et al. 1998). Moreover, a reduced soil moisture 
content was observed after sterilisation, which might also have affected germination 
and establishment of Arnica montana.
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The beneficial effect of AMF was illustrated by increased establishment and biomass, 
and a reduced mortality when AMF inoculum was added to sterilised treatments. The-
se results are consistent with other studies (Bergelson and Crawley, 1988; Gange et 
al. 1993; Sieverding, 1991) and with an earlier study on Arnica montana, where AMF 
colonisation stimulated growth and reduced the stress of severe soil acidity (Heijne et 
al. 1996).
Turf removal significantly increased germination of Arnica montana, as was found 
earlier by De Graaf et al. (1998). Mycorrhizal root colonisation of Arnica montana in 
the unsterilised treatments however, significantly decreased after turf cutting. These 
data are in correspondence with the effects of turf cutting on mycorrhizal spore num-
bers in field situations. Addition of AMF inoculum to turf cut, unsterilised soil cores 
increased establishment and decreased mortality, as was illustrated by the significant 
turf removal × AMF interaction effects. These effects suggest that establishment of Ar-
nica montana may be well decreased after turf removal, due to the lack of AMF. These 
effects may get worse in field situations, since the AMF inoculum which was used in 
this experiment originated from a viable Arnica montana population. A recolonising 
AMF population might be less biodiverse (Cuenca et al. 1998; Lovera and Cuenca, 
1996), and thus have other (i.e. less beneficial) effects on Arnica montana than the ori-
ginal AMF population.
Several studies have stressed the importance of AMF for the recovery of disturbed sy-
stems, as AMF may increase nutrient uptake, drought resistance and survival of plants 
(Allen, 1991; Sieverding, 1991; Van der Putten et al. 1993). Furthermore the structure 
of plant communities might be changed by the presence or absence of AMF (Gange 
et al. 1993; Sanders and Koide, 1994), and plant diversity may even be linked to AMF 
diversity (Van der Heijden et al. 1998). Reduced AMF diversity or the lack of AMF may 
result in a shift of biodiverse plant communities to communities which will primarily 
consist of plant species with no or low mycorrhizal dependency (Janos, 1980). This 
also pertains to successional communities, such as heathlands after turf removal. 
AMF–plant interactions should therefore play a major role in the restoration of plant 
communities.
Recently, different management regimes have been applied to restore abandoned 
fields or to convert former agricultural grounds into more natural systems, by soil 
transfers from later successional stages, or by introducing specific plant species, in 
order to enhance the (re)establishment of belowground communities (Johnson et al. 
1992; Korthals et al. 2001). Restoration regimes of natural plant communities, focus-
sing on the development of below-ground communities (such as AMF communities) 
and on the response of these communities to existing management regimes, have 
rarely been applied. These are, however, of major importance for restoration of biodi-
verse plant communities, as suggested by the results of this study.
In this study, only the total number of spores recolonising the turf-cut areas were 
included. The authors are aware of the limitations of spore counting methods. As-
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sessing spore numbers might generally not be sufficient to capture the presence and 
activity of AMF on plant growth. For example, spores may just accumulate over time 
without germinating under adverse conditions. Also, sporulation is not independent 
of environmental conditions, e.g. under stressed conditions spore abundance may 
increase as a fungal stress response. Furthermore, not all AMF species sporulate (San-
ders et al. 1996), making the number of spores only an indication for the total mycor-
rhizal potential (external mycelium and colonised roots may have AMF inoculum 
potential as well). However, in the case of deep turf removal, when the organic layer 
is totally removed, and revegetation will occur after several years, it is most likely that 
the mycelial networks are totally severed or removed, making spores the most impor-
tant AMF inoculum potential (Allen and Allen, 1990). Another limitation of using 
spore counting methods, is that it is not possible to draw any conclusions about AMF 
diversity. Description of belowground communities of AMF with molecular methods 
(PCR, nucleotide sequencing; Helgason et al. 1998) may have provided a better pic-
ture of changes in AMF species composition after turf removal. However, in spite of 
these limitations, this study reveals important features of the effect of turf removal in 
acidified and eutrophied heathlands.
This study shows that turf cutting changes soil properties, including a severe reduc-
tion in number of AMF spores. Lack of AMF negatively effects establishment, growth 
and mortality of herbaceous species such as Arnica montana, and since recolonisation 
of AMF spores is a time-consuming process, absence of AMF spores may alter or slow 
down succession. It is very likely that a low colonisation rate of AMF spores is charac-
teristic for many situations of soil disturbance, including burning, ploughing, severe 
erosion and the conversion of former arable fields into more natural systems. The-
refore, incorporation of belowground ecology in restoration projects has great rele-
vance for the conservation and re-establishment of (rare) plants, when soil disrupting 
restoration techniques are employed. Turf cutting successfully reduces the amount of 
eutrophied and/or acidified material, but it also removes complete belowground com-
munities that are essential for (re-establishment of) aboveground plant biodiversity. It 
should, therefore, be applied with care and on a small scale, conserving non-turf cut 
patches from which plants and AMF can recolonise turf cut areas.
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Populations of many plant species have become small and isolated, and many of 
these species are threatened by extinction. This is largely due to increased habitat 
fragmentation and deterioration. Measures such as introduction can provide a useful 
tool to save these species from extinction. On the other hand, introduction can also 
have negative effects on population persistence and may even affect entire ecosy-
stems: for instance, the introduction of non-native, non-threatened species has in the 
past resulted in invasions. These undesirable effects explain the cautious and some-
times conservative attitude towards introduction. When introducing native and thre-
atened species, the risk of invasions will be of little or no concern. However, when 
there is evidence for local adaptation, there is a substantial risk of maladaptation and 
outbreeding depression (Montalvo and Ellstrand 2001). Moreover, the introduction 
of genetically uniform populations increases the risk of inbreeding in the introduced 
population. These two processes can result in reduced offspring performance, and in 
view of a number of unsuccessful introductions (Hodder and Bullock 1997, Bullock 
and Hodder 1997), it is clear that guidelines and policy statements are necessary. 
Although several guidelines and policy statements for introductions and transplan-
tations have been produced (IUCN 1995, Akeroyd 1994, Akeroyd and Jackson 1995, 
Hodder and Bullock 1997, Van Groenendael et al. 1998, Manchester and Bullock 
2000), empirical research on introduction methods and the processes which affect 
their success has been rare. This thesis provides a concise overview of important pro-
cesses which affect introduction success, and the research underlying it has produced 
new insights into the prerequisites and possibilities of introduction as a restoration 
measure. The thesis answers the question whether threatened species in a fragmented 
landscape can be restored by introduction, and if so, what is the best introduction 
strategy to use in specific circumstances.
SMALL POPULATIONS IN A FRAGMENTED AND DETERIORATED LANDSCAPE
When considering rescue plans for plant species, it is important to analyse the 
reason(s) for the decline of the threatened species. Knowledge of the environmental 
conditions, the genetic variability of a population and the population size are impor-
tant factors in estimating population viability and persistence, and in understanding 
which processes determine the decline of plant populations. The relationship bet-
ween genetic variability, population size and environmental conditions was analysed 
using Succisa pratensis as a model species (chapter 2 and 3). we found a significant 
positive relationship between population size and observed heterozygosity, and a 
negative relationship between population size and the inbreeding coefficient, which 
we attributed to increased levels of genetic drift and inbreeding in small populations. 
In general, only large populations (> 10,000 individuals) showed heterozygote ex-
cess, as was illustrated by negative F
IS
 values. High F
ST
 values were observed in small 
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populations, indicating high levels of differentiation among small populations. This 
suggests a serious lack of gene flow among small populations. It also suggests that, 
next to inbreeding, drift is a major cause of reduced genetic variation in these popula-
tions (Brakefield 1989, Van Treuren et al. 1991, Young et al. 1996, Hufford and Mazer 
2003). Small populations were also found to have seriously reduced fitness, which we 
attributed to the reduced genetic variation. This was in agreement with the findings 
of several other studies (Oostermeijer et al. 1995, Ouborg and Van Treuren 1995, Hus-
band and Schemske 1996).
Currently, many populations are exposed to environmental changes as a result of 
processes such as eutrophication or acidification. The capacity to deal with these en-
vironmental changes and to adapt to new situations is therefore expected to become 
increasingly important. As was demonstrated in chapter 2, most small populations, 
in this case of Succisa pratensis, were found under deteriorated habitat conditions 
(viz, high levels of NH
4
 stress). It was also demonstrated that small populations have 
low levels of genetic variation. Since genetic variation was analysed by neutral mar-
kers (allozyme electrophoresis), it is not likely that the reduced genetic variation we 
measured was due to selection processes; it was more likely to be the result of genetic 
erosion, high levels of inbreeding and high levels of genetic differentiation among 
small populations. High genetic variation is necessary for organisms to cope with en-
vironmental changes. As differences among individuals are determined at least partly 
by genotype, it has been predicted that a broader range of genetic variation should 
persist in a variable environment (Tilman et al. 1994, Tilman 1999). It is also thought 
that the ability of populations to persist over evolutionary time is largely dependent 
on genetic variation (Lynch and Lande 1992). Small populations, with reduced levels 
of genetic variation, may be characterised by a reduced capacity to adapt to changing 
environmental conditions (Ouborg and Van Treuren 1994, Falk et al. 2001). Our re-
sults support this, and reveal that plants from small populations (with lower levels 
of genetic variation) are more vulnerable to environmental stress than plants from 
large (genetically more variable) populations (chapter 3). It was not possible in this 
study to test whether (i) small populations have lost plasticity and thus the capacity 
to adapt to changing environmental conditions, or whether (ii) small populations are 
unable to respond to environmental selection pressures because there is not enough 
genetic variation for these processes to take place, either because of genetic erosion, 
inbreeding and/or genetic differentiation, or because small populations have been 
selected in the past. Nevertheless, it was clear that plants from small populations re-
acted differently than plants from large populations.
When we examined the effect of the interaction between genetic variability, po-
pulation size and environmental conditions on plant performance, we found that 
environmental conditions affect plant performance directly as well as indirectly (via 
population size and genetic effects). We also found that genetic effects such as genetic 
drift and inbreeding reduce plant performance, and that population size can affect 
plant performance indirectly (via genetic effects). These results underline the interac-
ting effects of both habitat deterioration and genetic erosion on population viability. 
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Several studies have already shown that small populations suffer from negative effects 
of small population size, from genetic drift and inbreeding and from reduced habitat 
quality (Oostermeijer et al. 1995, 1998, De Graaf et al. 1998, Fischer & Matthies 1998, 
Young et al. 1999, Luijten et al. 2000). However, these effects were usually studied 
separately. The present research project has yielded significant new findings with 
regard to the effects of interactions between population size, habitat quality and ge-
netic variation on plant performance and population persistence, and the increased 
vulnerability to environmental stress of small, genetically eroded populations. These 
findings are of considerable concern for conservation and restoration biology. Our 
results as reported in this thesis clearly illustrate the critical situation of small and ge-
netically eroded populations which are suffering from habitat deterioration. It shows 
that restoration of habitat quality is not sufficient to restore these populations, as the 
negative effects of small population size and genetic erosion still continue. On the 
other hand, it became clear that restoration of the genetic variability of populations 
without addressing the restoration of the environmental conditions is also bound to 
fail. These results are consistent with those of other studies that concluded that long-
lasting conservation and restoration of endangered populations requires a combinati-
on of both habitat restoration and prevention of genetic erosion (Lande 1999, Young 
and Clarke 2000, Schmidt and Jensen 2000).
INTRODUCTION AS A RESTORATION TOOL
Genetic variation
In the Netherlands, most threatened populations are small and completely isolated. 
Establishment of new populations or genetic reinforcement of threatened populati-
ons is required as a management tool to rescue these species from extinction. One of 
the major goals of population biologists involved in restoration work is to restore po-
pulations of a species to a level that will allow the species to persist in the long term 
within a dynamic landscape, including the ability to undergo adaptive evolutionary 
change. This implies that introduction and reinforcement measures should focus on 
the development of genetically variable, viable populations with a high fitness and 
reproductive output (Dorner 2002). Maintaining genetic diversity has recently beco-
me a central theme in conservation and restoration biology, with the belief that grea-
ter genetic variation will increase population fitness and thus population persistence 
(Montalvo et al. 1997).
The genetic variability of a newly created population is greatly influenced by the 
genetic composition of the source material and the gene flow among adjacent popu-
lations. However, remnant populations selected for reinforcement and areas where 
new populations can be created are typically not located within the dispersal range 
of other remnant populations of the species. The genetic diversity of the introduced 
individuals is therefore expected to reflect mostly the genetic variability of the sour-
ces which are used to establish these populations. It is for this reason that introduced 
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populations are likely to be highly vulnerable to inbreeding when related source ma-
terials or only a few individuals are used.
INBREEDING
We found strong negative effects of inbreeding on the introduction success of Succisa 
pratensis (chapter 6). We also observed effects of relatedness, indicating an increased 
risk of inbreeding when related source material is introduced. In addition, introduced 
populations originating from small populations were more likely to suffer from a loss 
of genetic variation and reduced plant performance than introduced populations ori-
ginating from large populations (chapter 6). Furthermore, when plants were crossed 
with plants from other populations (interpopulation crossing), we observed increased 
plant performance. Interpopulation crossing may thus enhance introduction suc-
cess through recombination among variable parental genomes (i.e. heterosis). Strong 
evidence for heterosis argues for the use of multi-source introduction strategies using 
different source populations in order to reduce the risk of inbreeding and to intro-
duce genetically variable populations. This is in line with the suggestions made by se-
veral other authors (Van Groenendael et al. 1998, Falk et al. 2001, Dorner 2002). The 
results described in chapter 4 did indeed show that introduction success increases 
when multi-source instead of single-source introduction strategies are used. However, 
although significant, the differences between single-source and multi-source intro-
ductions were small, and the results were based on plant performance parameters 
only, excluding genetic processes. Most positive effects of multi-source introductions 
(i.e. high levels of genetic variation and decreased risk of inbreeding) will probably 
emerge only after several generations, and not in the relatively short period of our 
experiments (4 years).
Using multi-source introduction strategies also makes it more likely that a variety of 
individuals are introduced which differ in their degree of local adaptation and plas-
ticity. In an earlier study, it was suggested that when large numbers of individuals 
are introduced, it is likely that maladapted individuals will be outcompeted by well-
adapted individuals by natural selection (Tecic et al. 1998). This will be particularly 
relevant when local adaptation is involved. However, this is not a universal rule: 
there was, for instance, no local adaptation in Arnica montana (chapter 5). We were 
therefore unable to determine the effects of single-source versus multi-source intro-
ductions on introducing maladapted individuals. These effects may become more 
important when moderate to strong local adaptation is involved. The fact that local 
adaptation differs between species illustrates the need for species-specific approaches 
to introduction.
OUTBREEDING
More recently, the use of multi-source introductions has been questioned by concerns 
about outbreeding depression, especially when non-local individuals are introduced 
in remnant populations. The introduced individuals may for instance be maladapted 
to the new environmental conditions, and may therefore perform more poorly than 
they did in their local environment (Kay 1993). In addition, when the remnant popu-
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lation is locally adapted, mixing of non-local genotypes with local genotypes of the 
remnant population can result in the breaking up of coadapted gene complexes in 
the next generations. These processes result in reduced progeny fitness, and will even-
tually reduce population viability and persistence (Templeton 1986, Montalvo and 
Ellstrand 2001). In order to reduce the risk of outbreeding depression, Helenurm and 
Parsons (1997) suggested introducing local material rather than non-local material. In 
the research underlying the present thesis, no outbreeding depression was observed 
in the F
1
 generation (chapter 6). However, outbreeding depression has often been 
found in the second and following generations (Lynch, 1991; Fenster and Galloway, 
2000). It is therefore not clear to what extent heterosis may compensate the possible 
negative effects of outbreeding depression, or whether effects of outbreeding depres-
sion might be more severe than those of heterosis. We therefore strongly recommend 
studies analysing the risk of outbreeding depression in relation to the risk of inbree-
ding depression. This will become increasingly important as a growing number of 
small and isolated populations become threatened with extinction due to inbreeding. 
However, we expect that the negative effects of outbreeding depression will be small, 
and thus that outbreeding depression will be of little concern, especially when little 
or no local adaptation is involved that could be disrupted by outbreeding depression. 
In our study, we only found strong evidence for local adaptation in one of the three 
species examined (Succisa pratensis), and, although significant, no large effects were 
observed (chapter 5). Inbreeding, however, was shown to seriously affect the perfor-
mance of the introduced plant populations (chapter 6). We therefore suspect that the 
extinction risk in genetically eroded populations due to outbreeding depression may 
be less severe than that of inbreeding. Genetic reinforcement of threatened populati-
ons via the introduction of individuals originating from other populations can there-
fore be recommended as a tool to restore these populations.
Seeds or plants
If it is decided to use introduction in order to create or reinforce a population, the 
question arises what source material should be used to maximise the chances of 
success: seeds or plants. Introduction using seeds has been suggested by several 
authors (Londo 1984, Londo and Van der Meijden 1991, Helenurm and Parsons 
1997). Seeds are easier to introduce in large numbers, which will increase the 
chance of introducing a genetically variable population. However, seeds have 
specific germination requirements, and when these are not met, germination and 
establishment will not occur. Additionally, the introduced plants may take several 
years to establish and even longer to reproduce. We found lower introduction success 
(per introduced individual) when seeds instead of juvenile plants were introduced. 
Four years after the seeds were introduced, none of the individuals had flowered 
(chapter 5). Seeds are also more susceptible to predation, and small seedlings are more 
likely to be overgrown by other species than plants, especially during early life stages. 
This argues for the use of juvenile plants, increasing the introduction success (per 
introduced individual) (Van Groenendael et al. 1998). In addition, the introduction 
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of plants may be preferable when the source material is scarce, or when the species’ 
germination rate is low (Dorner 2002). However, we found that the expression of lo-
cal adaptation was related to the life stage of the introduced individual, in that it was 
more pronounced when plants instead of seeds were introduced (chapter 5). This 
suggests that it is unlikely that effects of local adaptation appear in early life stages. 
Germination of seeds may be determined by environmental conditions, and since 
germinated plants were thus all selected, they may have been relatively well adapted. 
This indicates that in situations where there is evidence for local adaptation among 
the source populations, introduction by seeds may be preferred to juvenile plants.
Environmental conditions
Apart from genetic variation and the type of source material, environmental conditi-
ons (e.g. habitat quality and management measures) were shown to affect introduc-
tion success (chapters 4, 5 and 6). All three species demonstrated better performance 
after restoration of the biogeochemical soil conditions (e.g. by lime addition and 
topsoil removal). These results are in agreement with studies of the effects of eutrop-
hication and acidification on these herbaceous species (Fennema 1992, De Graaf et al 
1998, Van den Berg et al. 2003, Dorland 2004), which attributed the decline of these 
species mainly to soil acidification and eutrophication. From our results it is clear that 
habitat conditions should be restored prior to introduction, using appropriate ma-
nagement measures. When habitat conditions do not fulfil the species’ requirements, 
even after management measures, successful introduction cannot be guaranteed and 
should, therefore, not be attempted.
Although management measures such as turf cutting successfully restore the environ-
mental conditions, they also change local soil conditions drastically. Such measures 
affect the expression of local adaptation, in that after such restoration measures, 
the ‘local conditions’ might no longer be experienced as local by the local species. 
Chapter 5 reports on our study of the effect of management measures such as turf 
cutting on the expression of local adaptation. In Succisa pratensis, the only species 
that showed strong evidence of local adaptation, we did indeed observe a significant 
origin×site×management interaction effect. This indicates that local adaptation is 
more likely to be expressed in unrestored (i.e. control) than in restored situations, 
and that the expression of local adaptation is counteracted by management regimes. 
It also suggests that management regimes can be disadvantageous for local species 
when they are adapted to the unrestored (e.g. eutrophied and/or acidified) conditi-
ons, and advantageous to non-local species, if the latter are derived from less deteri-
orated habitats. In this situation, management regimes will only be beneficial to the 
local species when the positive effects of these management regimes exceed the bene-
ficial effects of being locally adapted.
It is clear that environmental conditions are a prerequisite for introduction success. 
Environmental conditions directly affect plant performance and also affect the ex-
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pression of local adaptation. Therefore it is necessary to analyse in more detail under 
which conditions local adaptation evolves and to clearly define the term ‘local’ in lo-
cal adaptation. For example, when biochemical soil conditions are the most decisive 
factors, this could mean that individuals from populations which are located at large 
distances may ‘respond’ as if they were more local than individuals from a popula-
tion which is located only a short distance away. Therefore, the term local, which is 
usually a geographically defined term, should preferably be defined at a biochemical 
or genetic level. In the context of introduction measures, we prefer to refer to ‘well-
adapted’ rather than ‘locally adapted’.
Management measures can successfully restore biogeochemical conditions, but they 
can also change the biota in the soil. It is especially when measures involve the par-
tial or complete removal of the organic top soil (as in turf cutting) that biological 
interactions in the soil can change drastically. This is certainly the case with arbuscu-
lar mycorrhizal fungi (AMF) communities, which are necessary for adequate perfor-
mance in almost all plant species. Recolonisation of AMF after management measures 
such as turf cutting is a time-consuming process (chapter 7), and the lack of AMF 
after turf removal complicates the establishment of herbaceous species such as Arnica 
montana (chapter 7). Removal of organic material as a management measure should 
therefore be cautiously applied, taking into consideration the low AMF recolonisation 
rates. This will be especially important when introductions follow turf cutting, as 
plants have to colonise a new site and have to adapt to a new environment. In these 
stressful situations, the presence of AMF is likely to facilitate the establishment of in-
troduced plants (Van der Heijden et al. 1998). Considering these management effects 
on AMF and plant performance, respectively, it may be questioned whether the inter-
action between local adaptation and management measures (as described in chapter 
5) can be completely attributed to changes in environmental conditions after turf 
cutting, or that these effects should be at least partly attributed to AMF effects. Plants 
may be adapted to the local AMF populations, which are still present in the control 
situations, but largely or completely removed in the turf-cut situations, complicating 
the interpretation of the origin×site×management interaction.
INTRODUCTION STRATEGIES
The question of the optimal introduction strategy for a specific species is of profound 
interest to most restoration and conservation biologists. This question is closely re-
lated to the functioning of species within communities and within community dy-
namics. Due to the complexity of these systems, predicting introduction success and 
developing guidelines for it is a difficult matter. The present studies extensively inves-
tigated basic processes affecting introduction success, which has lead to scientifically 
based guidelines.
It became clear that the following points are essential for successful introduction and 
long-term survival of small and isolated populations:
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First, the habitat conditions should be restored and, if necessary, management measu-
res should be adjusted prior to introduction, in order to optimise the species’ perfor-
mance and chances of survival.
Second, the source material to be introduced should be genetically variable and 
should have a high reproductive output. This is necessary to create or restore popu-
lations which are able to undergo adaptive evolutionary change in order to persist in 
the long term within a dynamic landscape.
Third, when there is evidence for local adaptation, we recommend the use of a local 
population (providing it is a viable population), as local adaptation can be a major 
threat to successful introductions. When local populations are not available, or suffer 
from reduced performance due to genetic erosion and/or habitat deterioration, we 
suggest multi-source introduction strategies, using large numbers of unrelated indi-
viduals of well-performed, genetically variable (large) populations from comparable 
soil conditions, in order to minimise the risk of maladaptation. If source material is 
not scarce, we suggest the use of seeds instead of juvenile plants. Although the intro-
duction success (per introduced individual) is smaller when seeds are used instead of 
plants, it makes it easier to introduce more material. In addition, we suspect that the 
use of seeds reduces the risk of introducing maladapted individuals, and that the best 
adapted individuals may outcompete less adapted individuals by natural selection. 
When large numbers of seeds are introduced, this will result in the establishment of a 
well-performed population. When source material is limited, we suggest the use of ju-
venile plants, which have proved to increase the introduction success per introduced 
individual.
The results presented in this thesis clearly reveal that habitat fragmentation and de-
terioration seriously affect plant performance and population persistence. Small and 
isolated populations were found to be genetically less variable and to perform more 
poorly than large populations. Deterioration of the habitat increases the risk of ex-
tinction of small and genetically eroded populations by affecting plant performance. 
It was shown that small, genetically less variable populations have a smaller capacity 
to adapt to environmental stress than large, genetically variable populations. These 
results illustrate the critical situation of many small and endangered populations.
Introduction is a useful restoration tool to prevent species from extinction. Provided 
it is based on empirically derived relationships between the various key processes and 
the success rate, introduction may be a viable management tool, rather than just a 
trial-and-error procedure. The importance of introduction as a management tool can 
be expected to increase with the further degradation and fragmentation of our pre-
sent-day landscape.
10_08.ind 09-09-2005, 15:24148
Summarising discussion
149
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   
REFERENCES
Akeroyd, J. (1994) Seeds of destruction? Non-native wild-flower seeds and British flora diversity. 
Plantlife, London.
Akeroyd, J. & Wyse Jackson, P. (1995) A Handbook for botanic gardens on the reintroduction of 
plants to the wild. Botanic Gardens Conservation International, Surrey.
Brakefield, P.M. (1989) The variance in genetic diversity among subpopulations is more sensitive 
to founder effects and bottlenecks than in the mean: a case study. In: Fontdevila, A. (ed.): 
Evolutionary Biology of Transient Instable Populations. Springer-Verslag Berlag. Pp. 145-
161.
Bullock, J.M. & Hodder, K.H. (1997) Reintroductions: Challenges and lessons for basic ecology. 
Trends in Ecology and Evolution 12: 68-69.
De Graaf, M., Bobbink, R., Roelofs, J.G.M. & Verbeek, J.M. (1998) Differential effects of ammo-
nium and nitrate on three heathland species. Plant Ecology 135: 185-196.
Dorland, E., Van den Berg, L.J.L., Van de Berg, A.J., Vermeer, M.L., Roelofs, J.G.M. & Bobbink, R. 
(In press) The effects of sod cutting and additional liming on potential net nitrification in 
heathland soil. Plant and Soil.
Dorner, J. (2002) An introduction to using native plants in restoration projects. Plant Conser-
vation Alliance. US Environmental Protection Agency. http://www.nps.gov/plants/restore/
pubs/intronatplant/intronatplant.pdf
Falk, D.A., Knapp, E.E. & Guerrant, E.O. (2001) An introduction to genetics. Society for ecolo-
gical restoration November 2001. National Park Service  USA.  http://www.nps.gov/plants/
restore/pubs/restgene/index.htm
Fennema, F. (1992) SO
2
 and NH
3
 deposition as possible cause for the extinction of Arnica monta-
na L. Water Air and Soil Pollution 62: 325-336.
Fenster, C.B., & Galloway, L.F. (2000) Inbreeding and outbreeding depression in natural popula-
tions of Chamaecrista fasciculate (Fabaceae). Conservation Biology 14: 1406-1412.
Fischer, M. & Matthies, D. (1998) RAPD variation in relation to population size and plant fitness 
in the rare Gentianella germanica (Gentianaceae). American Journal of Botany 86: 811-819.
Helenurm, K. & Parsons, L.S. (1997) Genetic variation and the reintroduction of Cordylanthus 
maritimus spp. Maritimus to Sweetwater Marsh, California. Restoration Ecology 5: 236-244
Hodder, K.H. & Bullock, J.M. (1997) The translocation of native species in the UK: implications 
for biodiversity. Journal of Applied Ecology 34: 547-565.
Hufford, K.M. & Mazer, S.J. (2003) Plant ecotypes: Genetic differentiation in the age of ecologi-
cal restoration. Trends in Ecology and Evolution 18: 147-155.
Husband, B.C. & Schemske, D.W. (1996) Evolution of the magnitude and timing of inbreeding 
depression in plants. Evolution 50: 54-70.
IUCN (1995) Guidelines for reintroductions. IUCN/SSC Reintroduction Specialist Group, Gland, 
Switzerland.
Kay, Q. (1993) Genetic differences between populations of rare plants. BSBI News 64: 54-56.
Lande, R. (1998) Anthropogenic, ecological and genetic factors in extinction and conservation. 
Researches on Population Ecology 40: 259-269.
Lande, R. (1999) Extinction risks from anthropogenic, ecological and genetic factors. Genetics 
and the extinction of species 1: 22
Londo, G. (1984) Zijn uitplanten en uitzaaien zinvolle maatregelen bij het natuurbeheer? De 
Levende Natuur 85: 130-135.
Londo, G. & Van der Meijden, R. (1991) (Her-)introductie van plantensoorten: floravervalsing of 
natuurbehoud? De Levende Natuur 92:176-181.
Luijten, S., Dierick, A., Oostermeijer, J.G.B., Raijman, L. & Den Nijs, J.C.M. (2000) Population 
size, genetic variation and reproductive success in a rapidly declining self-incompatible 
perennial (Arnica montana) in The Netherlands. Conservation Biology 14: 1776-1787.
10_08.ind 09-09-2005, 15:24149
Chapter 8
150
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Lynch, M. (1991) The genetic interpretation of inbreeding depression and outbreeding depres-
sion. Evolution 45: 622-629.
Lynch, M. & Lande, R. (1992) Evolution and extinction in response to environmental change. 
In: Biotic interactions in response to environmental change. Kareiva, P.M. et al. (eds.) Pp. 
179-197. Sinauer Press.
Manchester, S.J. & Bullock, J.M. (2000) The impacts of non-native species on UK biodiversity 
and the effectiveness of control. Journal of Applied Ecology 37: 845-864.
Montalvo, A.M., Williams, S.L., Rice, K.J., Buchmann, S.L., Cory, C., Hamdel, S.N., Nabhan, G.P., 
Primack, R. & Robichaux, R.H. (1997) Restoration biology: a population biology perspec-
tive. Restoration Ecology 5: 277-290.
Montalvo, A.M., & Ellstrand, N.C. (2001) Nonlocal transplantation and outbreeding depression 
in the subshrub Lotus scoparius (Fabaceae). American Journal of Botany 88: 258-269.
Oostermeijer, J.G.B, van Eijck, M.W., van Leeuwen, N.C. & den Nijs, J.C.M. (1995) Analysis of 
the relationship between allozyme heterozygosity and fitness in the rare Gentiana pneu-
monanthe L. Journal of Evolutionary Biology 8: 739-759.
Oostermeijer, J.G.B., Luijten, S.H., Krenová, Z.V. & den Nijs, J.C.M. (1998) Relations between 
population and habitat characteristics and reproduction fitness of the rare Gentiana pneu-
monanthe L. Conservation Biology 12: 1042-1053.
Ouborg, N.J. & Van Treuren, R. (1994) The significance of genetic variation in the process of 
extinction IV. Inbreeding load and heterosis in relation to population size in the mint Salvia 
pratensis. Evolution 48: 996-1008.
Ouborg, N.J. & Van Treuren, R. (1995) Variation in fitness-related characters among small and 
large populations of Salvia pratensis. Journal of Ecology 83: 369-380.
Schmidt, K. & Jensen, K. (2000). Genetic structure and AFLP variation of remnant populations 
in the rare plant Pedicularis palustris (Scrophulariaceae) and its relation to population size 
and reproductive component. American Journal of Botany 87: 678-6689.
Tecic, D.L., McBride, J.L., Bowles, M.L. & Nickrent, D.L. (1998) Genetic variability in the federal 
threatened Mead’s milkweed, Asclepias meadii Torrey (Asclepiadaceae), as determined by al-
lozyme electrophoresis. Annuals of the Missouri Botanical Garden 85: 97-109.
Templeton, A.R. (1986) Coadaptation and outbreeding depression. Pages 105-116 in M.E. Soulé, 
editor. Conservation biology: the science of scarcity and diversity. Sinauer, Sunderland, 
Massachusetts.
Tilman, D., May, R.M., Lehman,C.L. & Nowak, M.A. (1994) Habitat destruction and the extinc-
tion debt. Nature 371: 65-66.
Tilman, D. (1999) The ecological consequences of changes in biodiversity: a search for general 
principles. Ecology 80: 1455-1474.
Van den Berg, L.J.L., Vergeer, P., Roelofs, J.G.M. (2003) Heathland restoration in the Nether-
lands: Effects of turf cutting depth on germination of Arnica montana. Applied Vegetation 
Science 6: 117-124.
Van der Heijden, M.G.A., Klironomos, J.N., Ursic, M., Moutoglis, P., Streitwolf-Engel, R., Boller, 
T., Wiemken, A., Sanders, I.R. (1998) Mycorrhizal fungal diversity determines plant biodi-
versity, ecosystem variability and productivity. Nature 396: 69-72.
Van Groenendael, J.M., N.J. Ouborg, and R.J.J. Hendriks. 1998. Criteria for the introduction of 
plant species. Acta Botanica Neerlandica 47: 3-13.
Van Treuren, R., Bijlsma, R., van Delden, W. & Ouborg, J. (1991) The significance of genetic 
erosion in the proces of extinction. I Genetic differentiation in Salvia pratensis and Scabiosa 
columbaria in relation to population size. Heredity 66: 181-189.
Young, A., Boyle, T. & Brown, A.H.D. (1996) The population genetic consequences of habitat 
fragmentation for plants. Trends in Ecology and Evolution 11: 413-418.
Young, A.G., Brown, A.D.H. & Zich, F.A. (1999) Genetic structure of fragmented populations of 
the endangered Daisy Rutidosis leptorrhynchoides. Conservation Biology 13: 256-265.
Young, A.G. & Clarke, G.M. (2000) Genetics, demography and viability of fragmented populati-
ons. Cambridge University Press.
10_08.ind 09-09-2005, 15:24150
NEDERLANDSE SAMENVATTING
11_Samenvatting.ind 09-09-2005, 15:25151
Nederlandse samenvatting
152
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
11_Samenvatting.ind 09-09-2005, 15:25152
Nederlandse samenvatting
153
.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  
Plantensoorten sterven uit, veel populaties staan onder hoge druk, en soortenrijke 
ecosystemen worden steeds soortenarmer. Helaas beschrijft deze situatie de huidige 
toestand van veel ecosystemen. In de laatste decennia zijn veel (semi-)natuurlijke 
soortenrijke graslanden en heiden in oppervlakte en kwaliteit achteruitgegaan on-
der andere door versnippering, verzuring en bemesting. Als gevolg hiervan zijn veel 
populaties uitgestorven of kleiner geworden. Introductie of herintroductie kan als 
herstelmaatregel overwogen worden om uitsterven te voorkomen. In dit proefschrift 
worden de mogelijkheden om (her)introductie in te zetten als herstelmaatregel on-
derzocht. Hoewel de meeste processen zowel voor planten als dieren gelden, beperkt 
dit proefschrift zich uitsluitend tot planten. Alvorens op de resultaten van dit on-
derzoek in te gaan worden eerst de theoretische processen die hierbij een rol spelen 
beschreven.
POPULATIEGROOTTE
De afgelopen decennia zijn veel aanwijzingen gevonden dat kleine populaties een ho-
gere uitsterfkans hebben dan grote populaties. Daar zijn verschillende redenen voor. 
In de eerste plaats wordt de verhoogde uitsterfkans veroorzaakt door het kleine aantal 
individuen, waardoor een kleine populatie gevoeliger is voor ‘toevallige gebeurtenis-
sen’. Een kleine populatie kan bijvoorbeeld in korte tijd uitsterven, doordat grote 
grazers de gehele populatie wegvreten, of doordat een ziekte uitbreekt die alle indi-
viduen infecteert. Daarnaast trekken kleine plantenpopulaties meestal ook minder 
insecten aan, of worden kleine populaties door insecten in het geheel niet opgemerkt, 
waardoor ze niet of nauwelijks bestoven worden en een relatief lage zaadzetting heb-
ben. Tenslotte is ook gebleken dat genetische toevalsprocessen in kleine populaties 
een veel grotere invloed hebben dan in grote populaties. In het kort komt dit op het 
volgende neer: Per generatie wordt maar een beperkt deel van de genetische vari-
atie doorgegeven aan de volgende generatie. Hierdoor kan het voorkomen dat door 
toeval een deel van de genetische variatie niet wordt doorgegeven aan de volgende 
generatie en ‘verloren’ gaat, een proces dat ook wel genetische drift wordt genoemd. 
De kans op verlies van genetische variatie door genetische drift is in kleine populaties 
vele malen groter dan in grote populaties. Ook neemt in kleine populaties de kans op 
inteelt toe. Inteelt treedt op wanneer aan elkaar verwante individuen (familie) met el-
kaar voor nageslacht zorgen. In kleine populaties is de kans op een verwante partner 
groter dan in grote populaties. In kleine en geïsoleerde populaties die generaties lang 
klein blijven kan het zelfs voorkomen dat uiteindelijk alle individuen familie van el-
kaar zijn. Inteelt kan zich uiten in een toename van erfelijke afwijkingen (individuen 
worden vatbaarder voor ziektes, zaden kiemen minder goed, etc.). Als ingeteelde indi-
viduen slechter gaan presteren noemen we dit inteeltdepressie. Inteeltdepressie is een 
fenomeen waar veel kleine populaties onder leiden.
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Bovenstaande processen kunnen de genetische variatie en de fitheid van een popu-
latie sterk doen achteruitgaan. Een verlaagde genetische variatie betekent doorgaans 
een verminderde capaciteit om zich aan veranderingen in de omgeving aan te passen. 
In situaties waar populaties onder stress staan, of waar veranderingen in de directe 
omgeving plaats vinden, is het behoud van de mogelijkheid tot aanpassen aan de 
omgeving cruciaal. Veel plantensoorten worden dan ook met uitsterven bedreigd 
doordat ze in te kleine populaties voorkomen en een lage genetische variatie hebben.
VERSNIPPERING EN ISOLATIE
Plantenpopulaties in (semi-)natuurlijke graslanden en heiden hebben naast de steeds 
kleiner wordende populaties vaak ook te maken met versnippering en isolatie. Ver-
snippering leidt tot grotere afstanden tussen populaties. Als de afstand tussen po-
pulaties te groot wordt kan een populatie zelfs geïsoleerd raken. Uitwisseling tussen 
populaties wordt daardoor moeilijk, en is in veel gevallen onmogelijk geworden. Het 
gevolg is dat, als een populatie lokaal uitsterft, herkolonisatie in zo’n versnipperd 
landschap erg onwaarschijnlijk, zo niet onmogelijk is. Een bijkomend probleem voor 
veel soorten die (lokaal) zijn uitgestorven is dat zij geen kiemkrachtige zaadvoorraad 
in de bodem hebben.
(HER)INTRODUCTIE ALS HERSTELMAATREGEL
Hoewel getracht wordt de gevolgen van versnippering tegen te gaan door natuurge-
bieden met elkaar te verbinden (met de Ecologische Hoofd Structuur) is de uitvoering 
van deze maatregel een zeer langdurige onderneming en is bovendien vooralsnog 
onduidelijk wat de efficiëntie van deze maatregel voor bijvoorbeeld plantensoorten 
is. Herintroductie van individuen in gebieden waar de soort is uitgestorven, of intro-
ductie van individuen in kleine, geïsoleerde en met uitsterven bedreigde populaties 
kan in deze situaties overwegen worden. Daarnaast kan (her)introductie in veel ge-
vallen een zeer geschikte en soms noodzakelijke aanvulling zijn op natuurontwik-
kelingsprojecten die gericht zijn op het herstel van de vegetatie door middel van het 
herstel van de biogeochemie. Vaak blijkt dat ondanks het succesvolle herstel van de 
biogeochemie, niet alle soorten succesvolle terugkeren. In deze gevallen, en als de 
dichtstbijzijnde populatie te ver weg ligt om herkolonisatie hier vandaan te mogen 
verwachten, kan (her)introductie een uitkomst bieden.
Hoewel herintroductie en introductie van planten als beheermaatregel op mon-
diaal niveau steeds vaker wordt toegepast, is (her)introductie in Nederland nog 
steeds een weinig uitgevoerde maatregel. Dit komt mede doordat de resultaten van 
(her)introductie tot op heden nog steeds heel wisselend zijn en omdat wetenschap-
pelijk onderlegde risico-inschattingen nog nauwelijks zijn uitgevoerd. Daarbij zijn 
veel (her)introducties in het verleden uitsluitend uitgevoerd op basis van ‘trial-and-
error’. Doordat er nog maar relatief weinig onderzoek naar (her)introductie gedaan 
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is, is er ook nog relatief weinig bekend over de randvoorwaarden die het succes van 
(her)introductie bepalen. In Nederland wordt (her)introductie als herstelmaatregel 
dan ook nog steeds ter discussie gesteld, zowel op basis van zowel ethische als we-
tenschappelijke oogpunten. De ethische discussie wordt voornamelijk gevoed door 
de morele rechtvaardiging of afwijzing van (her)introductie. Op morele gronden 
kan (her)introductie beschouwd worden als natuurvervalsing en de manipulatie van 
de soortensamenstelling. De laatste jaren wordt de discussie over (her)introductie, 
mede door de toename van wetenschappelijke kennis, steeds vaker op basis van 
wetenschappelijke argumenten gevoerd. In deze discussie wordt het effect van 
(her)introductie op de vegetatieontwikkeling en op diverse genetische processen 
bediscussieerd. In dit proefschrift wordt uitsluitend ingegaan op de wetenschap-
pelijke aspecten van (her)introductie. Op experimentele basis zijn verscheidene 
(her)introducties uitgevoerd met als doel te kunnen inschatten welke risico’s 
(her)introductie met zich meebrengt en de meest succesvolle (her)introductie strate-
gie voor te schrijven.
De reden van achteruitgang
Herstelprojecten zullen alleen succesvol zijn op de lange termijn wanneer de her-
stelmaatregelen gericht zijn op de oorzaak van achteruitgang. Om de oorzaak van 
achteruitgang van een populatie vast te kunnen stellen is kennis nodig van processen 
die de fitheid en levensvatbaarheid van een populatie kunnen beïnvloeden, zoals de 
habitatkwaliteit, de genetische toestand van de populatie en de populatie grootte. In 
de hoofdstukken 2 en 3 hebben we dit onderzocht bij de Blauwe knoop. In hoofdstuk 
2 vonden we een positieve relatie tussen genetische variatie en populatiegrootte en 
een negatieve relatie tussen populatiegrootte en de inteeltcoëfficiënt. Ook vonden 
we dat kleine populaties genetisch meer van elkaar verschilden dan grote populaties, 
wat suggereert dat er tussen de kleine populaties minder genen worden uitgewisseld 
dan tussen de grote populaties. We toonden aan dat kleine populaties gemiddeld 
een lagere genetische variatie hebben dan grote populaties, wat waarschijnlijk wordt 
veroorzaakt door een verhoogde genetische drift en inteelt in kleine populaties. Ook 
vonden we dat kleine populaties minder fit zijn dan grote populaties, als gevolg van 
een verlaagde genetische variatie en slechtere habitatcondities. Om de vraag of de 
grootte van een populatie, de genetische variabiliteit en de habitatkwaliteit een oor-
zakelijk of niet-oorzakelijk effect hebben op de fitheid van de plant, en in welke mate, 
werd een pad-analyse uitgevoerd. Hieruit bleek dat habitatkwaliteit zowel direct als 
indirect (via populatiegrootte en genetische effecten) de fitheid van de plant sterk 
beïnvloedt, en dat, naast habitatkwaliteit, genetische effecten ook een grote invloed 
uitoefenen op de fitheid van de plant.
Door onder andere versnippering en vermesting van de habitat worden veel popula-
ties geconfronteerd met stress. De capaciteit van een populatie om zich aan stress en 
veranderingen in de omgeving aan te passen speelt een belangrijkere rol bij de overle-
ving en vestiging van een populatie op de lange termijn. Het is dan ook zorgwekkend 
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dat veel kleine populaties van de Blauwe knoop een lage genetische variatie hebben 
en veelal onder ongunstige omstandigheden groeien. Dit werd tevens bevestigd door 
een experiment in de klimaatcel waaruit bleek dat individuen van de Blauwe knoop 
afkomstig uit kleine populaties met een lage genetische variatie gevoeliger waren voor 
vermesting en verzuring dan individuen afkomstig uit grote populaties (hoofdstuk 
3). Dat Blauwe knoop een soort is die in Nederland nog redelijk algemeen voorkomt, 
en pas recentelijk sterk in achteruitgaat en te maken heeft met kleine populaties en 
inteelt, maakt het alleen maar zorgwekkender. Zeker als men beseft dat er veel soorten 
zijn die al veel langer met uitsterven bedreigd worden doordat ze al enkele decennia 
in nóg kleinere populaties voorkomen met veel hogere inteelt percentages, en die óók 
onder hoge druk staan door verslechterde habitatcondities.
De resultaten beschreven in dit proefschrift laten duidelijk zien dan herstelmaatrege-
len noodzakelijk zijn om uitsterven van deze soorten te voorkomen. Herstel van ha-
bitatkwaliteit alleen is echter niet voldoende omdat de negatieve effecten van kleine 
populatiegroottes en een lage genetische variatie voortduren. Ook herstel van alleen 
populatiegrootte of genetische variatie zal op de lange termijn geen oplossing bieden. 
Op de lange termijn zal het uitsterven van deze soorten alleen voorkomen kunnen 
worden door een combinatie van herstel van habitatkwaliteit, populatiegrootte en 
genetische variatie.
Keuze van het bronmateriaal
Het succes van (her)introductie als beheersmaatregel is afhankelijk van de keuze van 
het bronmateriaal (het materiaal wat ge(her)introduceerd gaat worden). In dit onder-
zoek proberen we richtlijnen te vinden voor de keuze van het bronmateriaal. Alvo-
rens te (her)introduceren moeten immers een aantal keuzen worden gemaakt wat be-
treft het bronmateriaal. Zo kan men zich de vraag stellen of er gekozen moet worden 
voor bronmateriaal afkomstig uit kleine of grote en enkele of meerdere populaties, uit 
de lokale of een niet-lokale populatie, en wil met zaden of juist planten introduceren? 
Daarbij moet rekening gehouden worden met het gegeven dat veel uitgangssituaties 
in veel gevallen niet ideaal zijn en waardoor de keuze van het bronmateriaal beperkt 
wordt.
KLEINE OF GROTE EN ENKELE OF MEERDERE POPULATIES?
De genetische variatie van een ge(her)introduceerde populatie zal grotendeels 
bepaald worden door de genetische samenstelling van het ge(her)introduceerde 
materiaal en door de uitwisseling van genen (via zaden of pollen) met omlig-
gende populaties. Echter, populaties en/of gebieden die in aanmerking komen voor 
(her)introductie liggen doorgaans geïsoleerd ten opzichte van omliggende populaties 
(anders had de soort immers via dispersie het gebied kunnen koloniseren), waardoor 
de uitwisseling van genen met omliggende populaties niet of nauwelijks voorkomt. 
Het is dan ook belangrijk om materiaal te (her)introduceren met een hoge genetische 
variatie. Aangezien grote populaties over het algemeen fitter zijn en een hogere ge-
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netische variatie hebben dan kleine populaties (hoofdstuk 2), wordt geadviseerd om 
het bronmateriaal  te verzamelen van meerdere individuen uit één grote, of zelfs uit 
meerdere (grote) populaties (hoofdstuk 6).
Uit het onderzoek, beschreven in hoofdstuk 6, is tevens gebleken dat het 
(her)introductiesucces sterk verlaagd wordt door inteelt. Door het bronmateriaal uit 
meerdere populaties te verzamelen kan het risico op inteelt sterk worden verlaagd. 
Ook hadden de nakomelingen in de ge(her)introduceerde populaties waarvan het 
bronmateriaal afkomstig was van meerdere populaties, een hoger overlevingspercen-
tage en waren deze fitter dan de nakomelingen in de ge(her)introduceerde populaties 
waarvan het bronmateriaal afkomstig was van één grote of één kleine populatie. We 
adviseren daarom te (her)introduceren met individuen uit verschillende (grote) popu-
laties om de risico’s op inteelt zo laag mogelijk te houden. Dit geldt in het bijzonder 
voor situaties waar gebieden na herstel niet door doelsoorten gekoloniseerd kunnen 
worden.
LOKAAL OF NIET-LOKAAL?
Wanneer er een lokale populatie aanwezig is, rijst de vraag of het beter is materiaal 
te verzamelen uit de lokale populatie of uit een niet-lokale populatie. Planten kun-
nen zich namelijk door de jaren heen hebben aangepast aan hun lokale omgeving. 
(Her)introductie van niet-lokale planten kan dus leiden tot (her)introductie van niet-
aangepaste planten. Dit kan betekenen dat ge(her)introduceerde planten, die in hun 
eigen omgeving goed presteerden, niet goed presteren in hun nieuwe omgeving om-
dat ze niet of slecht zijn aangepast aan deze nieuwe omgeving. Naast het risico voor 
slechte aanpassing, zijn er ook risico’s voor de nog eventueel aanwezige planten (de 
lokale populatie), als niet-lokale planten worden ge(her)introduceerd. Als lokale plan-
ten zijn aangepast aan hun lokale omgeving kruisen met niet-lokale planten, dan kan 
door het mixen van de lokale met de niet-lokale genen, de lokale aanpassing verloren 
gaan. Hierdoor kunnen de nakomelingen de lokale aanpassing verliezen, waardoor 
ze uiteindelijk minder goed presteren dan hun voorouders. Dit proces wordt ook wel 
“uitteelt depressie” genoemd. Het gevaar voor slechte aanpassing en uitteelt depressie 
zijn veel gebruikte argumenten tegen de toepassing van (her)introductie.
In dit onderzoek zijn geen tekenen van uitteelt depressie waargenomen (hoofdstuk 
6). Hoewel uitteelt depressie pas met zekerheid in de tweede generatie nakomelingen 
kan worden uitgesloten, en we in dit onderzoek alleen effecten in de eerste generatie 
hebben onderzocht, verwachten we dat de kansen op uitteelt depressie laag zijn. Van 
de drie soorten die we op lokale aanpassing hebben onderzocht, is er slechts bij één 
soort lokale aanpassing waargenomen (hoofdstuk 5). Daarbij was het voordeel om 
lokaal aangepast te zijn voor deze soort relatief klein; het (her)introductie succes van 
niet-lokale individuen was lager dan dat van de lokale individuen, maar nog steeds 
hoog. Het wegvallen van het voordeel dat een plant heeft om lokaal aangepast te 
zijn, zal in deze gevallen niet zo erg zijn. Tevens verwachten we dat de negatieve ef-
fecten van uitteelt depressie, mocht uitteelt depressie optreden, ‘in het niet vallen’ bij 
de negatieve effecten van genetische verarming en inteelt, welke op zouden kunnen 
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treden als er met uitsluitend lokale individuen wordt ge(her)introduceerd. Geconclu-
deerd wordt dan ook dat (her)introductie van niet-lokale, vitale individuen gebruikt 
kan worden als herstelmaatregel om uitsterven van kleine en bedreigde populaties te 
voorkomen (hoofdstuk 5 en 6).
ZADEN OF PLANTEN?
Wanneer besloten is dat (her)introductie als herstelmaatregel gebruikt kan worden, 
en uit welke populaties het bronmateriaal verzameld kan worden, rest de vraag of je 
het beste kan (her)introduceren met behulp van zaden of planten? Er zitten voor- en 
nadelen aan beide methoden: Het gebruik van zaden is eenvoudiger en goedkoper en 
het is niet moeilijk om grote hoeveelheden te (her)introduceren. Door grote hoeveel-
heden te (her)introduceren wordt de kans vergroot dat er een genetisch variabele en 
vitale populatie ontstaat. (Her)introducties met behulp van zaden wordt daarom vaak 
toegepast. Zaden zijn echter erg (predatie)gevoelig en hebben doorgaans specifieke 
vereisten voor de kieming. Wanneer de omstandigheden niet aan deze specifieke ei-
sen voldoen, zullen de kiemings- en vestigingspercentages laag zijn. Een ander nadeel 
is dat het enige tijd (soms zelf enkele jaren) kan duren voordat een zaadje zich kan 
vestigen en duurt vaak nog eens enkele jaren voordat het gevestigde zaadje is uitge-
groeid tot een plant die tot reproductie in staat is. Onderzoek naar het succes van 
(her)introductie van zaden en planten toont dit aan (hoofdstuk 5). Er werd een lager 
(her)introductiesucces gevonden wanneer ge(her)introduceerd werd met zaden verge-
leken met de (her)introductie van planten. Ook bleek dat het (her)introductieproces 
aanzienlijk versneld kan worden wanneer planten in plaats van zaden gebruikt wor-
den. Ge(her)introduceerde planten bloeiden meestal al in het eerste of tweede jaar 
na introductie en de vestiging van de eerste generatie nakomelingen was hoog (mits 
onder de geschikte omstandigheden ge(her)introduceerd). Bij de (her)introductie van 
zaden is tijdens dit onderzoek nog geen bloei waargenomen, ook niet in het vijfde 
jaar na (her)introductie.
Een opmerkelijk verschijnsel was dat bij Blauwe knoop, de enige soort waar lokale 
aanpassing is waargenomen, effecten van lokale aanpassing werden waargeno-
men in de latere levensstadia (overleving en biomassa) wanneer de individuen 
ge(her)introduceerd waren als plant. Dit in tegenstelling tot wanneer individuen 
werden ge(her)introduceerd als zaad, waar geen effecten van lokale aanpassing 
werden waargenomen (hoofdstuk 5). Dit kan betekenen dat effecten van lokale aan-
passing alleen naar boven komen in de latere levensstadia (levensstadia die door 
de ge(her)introduceerde zaden nog niet waren bereikt). Het kan echter ook dat de 
kieming en vestiging van zaden zo sterk bepaald wordt door de omgevingscondities, 
dat er bij de kieming en vestiging al een sterke selectie plaatsvindt, en dus dat alleen 
de goed aangepaste zaden kunnen kiemen. In dit laatste geval worden de negatieve 
effecten van lokale aanpassing grotendeels omzeild door uitsluitend met zaden te 
(her)introduceren.
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(HER)INTRODUCTIE EN HERSTELMAATREGELEN
Naast de gevolgen van allerlei genetische processen en de selectie van het juiste bron-
materiaal, bepalen milieucondities (habitat kwaliteit) ook voor een groot deel het 
(her)introductiesucces. Voor zowel Blauwe knoop, Klokjesgentiaan als Valkruid werd 
een hoger vestigingspercentage, biomassa en bloeipercentage gemeten wanneer deze 
ge(her)introduceerd werden in gebieden waar de bodemcondities hersteld waren. Ves-
tiging van zaden van Valkruid werd zelfs alleen waargenomen onder geplagde en be-
kalkte omstandigheden. Dit houdt in dat het voor deze soort alleen mogelijk was om 
in voedselarme, lichtgebufferde omstandigheden een levensvatbare populatie op te 
bouwen. Deze resultaten sluiten aan bij meerdere andere onderzoeken, waarin is aan-
getoond dat de achteruitgang van deze kruidachtige soorten grotendeels is te verkla-
ren door de sterk toegenomen vermesting en verzuring van de laatste 4 à 5 decennia. 
Voor deze soorten zijn herstelmaatregelen die de habitatkwaliteit optimaal herstellen 
noodzakelijk. (Her)introductie zou als herstelmaatregel niet overwogen moeten wor-
den wanneer de bodemcondities voor de soort niet geschikt worden geacht.
Echter, hoewel herstelmaatregelen zoals plaggen de bodemcondities herstellen, wor-
den de bodemcondities door deze herstelmaatregelen ook drastisch verstoord. In dit 
onderzoek worden effecten van lokale aanpassing vooral gemeten in de ‘controle’ 
situaties; de situaties waar nog geen herstelmaatregelen waren toegepast. In situaties 
waar herstelmaatregelen wel waren toegepast, werden minder sterke effecten van lo-
kale aanpassing waargenomen. Dit kan betekenen dat herstelmaatregelen de expres-
sie van lokale aanpassing kunnen beïnvloeden, bijvoorbeeld doordat in de nog niet 
herstelde situaties de planten onder suboptimale omstandigheden groeien (onder 
stress) waardoor het voordeel om lokaal aangepast te zijn hier heel belangrijk is. In 
de herstelde situaties kan het voordeel om lokaal aangepast in het niet vallen bij de 
voordelen die de herstelde bodemcondities als effect sorteren. Een andere verklaring 
kan zijn dat de planten zijn aangepast aan de huidige, ‘verslechterde’ situatie. Door 
herstelmaatregelen zal de situatie verbeteren, maar ook veranderen. Dit kan beteke-
nen dat de nieuwe herstelde situatie voor de lokale individuen niet meer als lokaal 
wordt ervaren en dus dat het voordeel om lokaal aangepast te zijn verloren gaat. 
Wat de achterliggende reden is, kan uit dit onderzoek niet worden opgemaakt. Wel 
is duidelijk dat de expressie van lokale aanpassing beïnvloed kan worden door her-
stelmaatregelen. Dit impliceert dat herstelmaatregelen voor de lokale individuen ook 
negatief kunnen uitpakken. Echter, we verwachten dat de kans dat herstelmaatrege-
len negatief uitpakken voor de lokale individuen gering is omdat we aannemen dat 
het positieve effect van de herstelmaatregelen groter zal zijn dan het voordeel dat de 
lokale individuen hebben door lokaal aangepast te zijn.
Herstelmaatregelen kunnen niet alleen bodemcondities drastisch beïnvloeden, ook 
(micro-)organismen die in de bodem leven kunnen beïnvloed worden. Dit geldt 
vooral wanneer drastische herstelmaatregelen zoals plaggen worden uitgevoerd, waar-
bij een gedeelte of de gehele organische bodemlaag wordt verwijderd. Arbusculaire 
mycorrhiza schimmels zijn schimmels die in symbiose leven met planten en zijn in 
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voedselarme tot matig voedselarme systemen (zoals heide en heischrale graslanden) 
voor veel planten onmisbaar voor de opname van nutriënten. Uit dit onderzoek is 
gebleken dat plaggen niet alleen de verzuurde en vermeste organische bodemlaag 
verwijderd, maar ook de meeste arbusculaire mycorrhiza schimmels die in deze bo-
demlaag leven (hoofdstuk 7). Omdat herkolonisatie van deze schimmels heel lang-
zaam is (hoofdstuk 7), moeten drastische herstelmaatregelen zoals plaggen zorgvuldig 
worden toegepast, waarbij niet alleen rekening gehouden wordt met het herstel van 
de biogeochemische bodemeigenschappen maar ook met biologische processen zoals 
interacties tussen mycorrhiza schimmels, micro-organismen en andere planten.
(HER)INTRODUCTIE EN BEHEER
Experimenten zoals die beschreven zijn in dit proefschrift zijn hoogstnoodzakelijk 
om een beter inzicht te krijgen in het (her)introductieproces. Het is te verwachten dat 
de versnippering verder voort zal schrijden en dat een discussie rond (her)introductie 
als beheersmaatregel steeds urgenter wordt. Deze discussie over de noodzaak, effi-
ciëntie en risico’s van (her)introductie kan alleen zinvol worden gevoerd wanneer zij 
gebaseerd is op experimentele gegevens, en niet op emotionele of traditionele argu-
menten
De resultaten van dit onderzoek laten zien dat (her)introductie een zeer nuttige en 
soms zelfs noodzakelijke herstelmaatregel kan zijn om uitsterven van bedreigde en 
geïsoleerde populaties te voorkomen. Wel moet het habitat geschikt zijn voor de 
desbetreffende soort en moeten bronpopulatie(s) heel zorgvuldig worden gekozen. 
Daarbij moet altijd rekening worden gehouden met de eventuele negatieve effecten 
die (her)introductie met zich mee kan brengen zoals het (her)introduceren van slecht 
aangepast materiaal en/of uitteelt depressie.
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Een promotie onderzoek doe je niet alleen. Zonder de hulp en steun van velen ande-
ren was het voor mij niet mogelijk geweest om te promoveren en daarbij was het een 
stuk minder leuk geweest.
Allereerst wil ik beide Jannen en Joop enorm bedanken. Het is moeilijk om op te som-
men waarvoor ik jullie speciaal voor wil bedanken, want eigenlijk hebben jullie me 
met zoveel dingen enorm geholpen. Maar toch, Jan van Groenendael, jou wil ik graag 
bedanken voor je enthousiasme en positieve instelling en ook voor je altijd heldere 
en kritische blik die je over mijn experimenten liet gaan. Ik heb er veel aan gehad en 
er zeker veel van opgestoken. Ook van het ‘net-een-stapje-verder-denken’ heb ik heel 
veel geleerd.
Jan Roelofs, jou wil ik graag bedanken voor al je praktische kennis in het veld, voor 
het meedenken bij al mijn experimenten, en voor al je gezellige en vaak ontzettend 
nuttige gesprekjes op de gang. Zonder jou kennis waren veel experimenten een stuk 
minder gemakkelijk verlopen.
En dan Joop natuurlijk. Joop bedankt voor al je geduld als ik weer eens je kamer in-
liep vol met vragen (en niet zomaar weer wegging voordat ik een antwoord had, ook 
al had je het soms verschrikkelijk druk, sorry daarvoor...). Ook heel erg bedankt voor 
de goede gesprekken die we vaak over mijn onderzoek hadden en voor alle hulp en 
steun die je me tijdens de statistiek- en schrijffase hebt gegeven. Niet alleen je com-
mentaar en je goede ideeën, maar ook je ‘pep-talks’ (‘het is nu echt bijna af...’) waren 
altijd heel nuttig.
Naast jullie wetenschappelijke kennis en vaardigheden wil ik jullie vooral als persoon 
bedanken. Bij alledrie kwam ik regelmatig even binnenlopen als ik ergens mee zat 
en altijd waren jullie bereid om even tijd voor me te maken. Jullie dachten mee met 
mijn experimenten en probeerden samen met mij een oplossing te vinden als dingen 
iets anders gingen dan we hadden verwacht. Ook ben ik met jullie alledrie meerdere 
keren naar het buitenland geweest, voor een symposium, gastbezoek of veldwerk, 
wat altijd heel gezellig en ontspannend was. Bedankt voor de leerzame periode en de 
gezelligheid.
Naast Jan, Jan en Joop, heb ik ook altijd enorm veel hulp en steun gehad van de ande-
ren op de afdeling. Zo heeft destijds vrijwel iedereen meegeholpen met het introdu-
ceren van die duizenden planten, waardoor alles toch binnen een paar dagen ingezet 
kon worden! Ik wil ook iedereen bedanken voor de gezelligheid, de koffie-pauzes 
(vooral die op vrijdagmiddag), en alle leuke momenten die we verder tijdens en na 
het werk hadden.
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Een paar mensen wil ik toch nog apart bedanken; Roy, bedankt voor al je hulp en je 
gezelligheid. Niet alleen op het lab, maar ook in het veld in de regen, in de brandende 
zon, in de koffiekamer, of gewoon op de gang! Je hebt me niet alleen enorm gehol-
pen, we hadden ook altijd ontzettend veel lol, ongeacht wat we aan het doen waren. 
Zelfs als we elk jaar weer die duizenden blaadjes moesten opmeten, zelfs dan bleef het 
leuk! Roy, en Petra ook natuurlijk, bedankt voor alles!
Germa, ook jou wil ik enorm bedanken voor alle hulp en de leuke gesprekken die 
we hadden. In de zes jaar dat ik in Nijmegen heb rondgelopen, was jij (op de laatste 
‘nieuwbouw-maanden’ na) altijd mijn kamergenoot. We hebben heel wat afgekletst, 
niet alleen over de experimenten, maar ook de dagelijkse beslommeringen werden 
trouw besproken. Het was ook heel raar om de laatste maanden in de nieuwbouw niet 
meer bij jou, maar in de ‘WW-kamer’ te zitten.
Ramses, heel erg bedankt voor al je hulp bij het genetische werk. Je was verantwoor-
delijk voor de grote hoeveelheid allozymen-analyses, wat je gelukkig beter afging dan 
mij. Ik heb er ontzettend veel aan gehad!
Martin, bedankt dat je altijd voor me klaarstond, voor je hulp en praktische oplossin-
gen bij de experimenten, en voor je altijd vrolijke babbel.
Leon (L), naast een fantastische collega ben je ook een heel bijzondere vriend gewor-
den. Het rennen door het bos, wat we zoveel mogelijk in de middagpauze probeerden 
te doen, mis ik nog steeds. Het rennen was niet alleen ontspannend, we hadden ook 
ontzettend veel lol, geregeld goede gesprekken, en soms zeiden we ook niets, wat ook 
heel prettig kon zijn. Ook eventuele frustraties en problemen werden tijdens het ren-
nen ‘opgelost’, waardoor we de middag weer met een frisse, opgeruimde kop konden 
beginnen.
Van de studenten wil ik graag Annemieke Copal bedanken. Annemieke, enorm be-
dankt voor je enthousiasme en het harde werken. Je plantjes staan nog steeds in de 
Schaopedobbe…
Naast iedereen van de afdeling wil ik ook alle medewerkers van de kassen bedanken. 
Yvette, Walter, Harry en Harry, ontzettend bedankt voor de gezelligheid en de goede 
zorg en oplettendheid voor mijn planten. Meeldauw, witte vlieg, hittegolven en va-
kanties; ze hebben het altijd overleefd!
De samenwerking met de FLOS-groep was altijd heel leerzaam en verliep altijd heel 
prettig. De besprekingen tijdens de bijeenkomsten, in het veld, over de telefoon, of 
per email waren altijd heel leerzaam. Carolin, Eelke en Merel, bedankt! Carolin na-
tuurlijk ook bedankt voor het samen opkweken en watergeven van al die planten en 
de leuke gesprekken die we hadden.
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Binnen de universiteit ben ik ook dank verschuldigd aan de mensen van de vierde 
verdieping (wat later gelukkig dezelfde groep werd). Met name Hans, Heidi, John, Jo-
sef en Liesje, heel erg bedankt!
Jacqueline, ook jou wil ik graag bedanken voor de prettige samenwerking en de inlei-
ding die je me gegeven hebt in de wereld van de mycorrhiza’s. 
Daarnaast wil ik enkele mensen uit het ‘heide- en schraallanden wereldje’ bedanken, 
te weten Maaike, Edu en Roland, die elke op hun eigen manier bijgedragen hebben 
tot het totstandkomen van dit proefschrift.
En Marc, bedankt voor de opmaak van dit boekje!
Ook mijn vrienden hebben een belangrijke bijdrage geleverd aan dit proefschrift. 
Want hoe leuk onderzoek ook is, soms is er niets beter dan het onderzoek even he-
lemaal te vergeten. Vrienden uit Nijmegen, vrienden uit Utrecht, vrienden van de 
langlaufvereniging en uit mijn ski-wereldje, allemaal enorm bedankt voor alle lol, 
de leuke momenten, al het begrip en alle steun. Janine, jou wil ik apart bedanken. 
We hebben een hoop samen meegemaakt, en ook al leiden we nu een ander leven, ik 
weet dat we er nog steeds altijd voor elkaar zijn. Dat is goed, en dat moet zo blijven!
Dimitri, niet alleen tijdens de eerste jaren van dit proefschrift, maar ook daarna kon 
ik altijd bij je terecht en heb je me altijd enorm geholpen. Je bent een fijne, speciale 
vriend en ik hoop dat we dit altijd zo kunnen houden!
Dan mijn ouders en zus: ook jullie heel erg bedankt voor alle liefde, steun en het on-
voorwaardelijke vertrouwen.
Als laatste dan Leon. Ik leerde je kennen als een collega, je werd tevens een goede 
vriend en daarna nog veel meer. Je hebt me met alles geholpen, thuis en op de uni. 
We hebben samen gelachen en gemopperd, maar gelukkig vooral het eerste. Het was 
hard werken af en toe, maar een onvergetelijke periode. Ik ben blij dat we die samen 
hebben doorgemaakt. Inmiddels ben je ‘collega-af’, maar mijn beste maatje zal je 
hopelijk altijd blijven! Ook Bobo en Gijs, mijn gevleugelde vriendjes, het gaat te ver 
om jullie als familie van Pummel te zien, maar ook jullie bedankt voor het vrolijke 
gekwetter!
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CURRICULUM VITAE
Ik ben geboren op 28 juni 1975 in Gouda. Na het gymnasium, begon ik in septem-
ber 1993 aan de studie biologie aan de Universiteit van Utrecht. Biologie was mijn 
tweede keuze; diergeneeskunde had aanvankelijk mijn voorkeur maar daarvoor werd 
ik uitgeloot. Ik vond biologie echter zo interessant dat ik aan het eind van mijn pro-
pedeuse jaar besloot in de plantenecologie verder te gaan. Ik rondde mijn studie af 
in de zomer van 1998 met 2 hoofdvakken en een scriptie in de landschapsecologie 
en 1 hoofdvak in de plantenecologie. In februari 1999 werd ik als AiO aangesteld bij 
de afdeling Aquatische Oecologie en Milieubiologie aan de RU (toen nog de KUN) 
om de mogelijkheden van (her)introductie als herstelmaatregel te onderzoeken. De 
resultaten van dit onderzoek staan grotendeels in dit proefschrift beschreven. In het 
voorjaar van 2000 ontving ik een prijs voor mijn posterpresentatie (‘Reintroduction 
of threatened plant species in fragmented landscapes, an alternative?’) op de jaarlijkse 
bijeenkomst van de GfÖ (Gesellschaft für Oekologie) in Freising (Duitsland). De prijs 
bestond uit een gastbezoek aan één van de invited speakers van dit symposium, wat 
voor mij een gastbezoek aan de groep van Prof. Mark Schwartz in Davis (UC Davis; 
Californie) inhield. Mede door goede resultaten en de erkenning van het belang van 
dit onderzoek werd mijn onderzoek in de zomer van 2001 door de technologiestich-
ting STW met 15 maanden verlengd, waardoor ik de mogelijkheid had dieper in te 
gaan op de toepasbaarheid van (her)introductie. In 2003 ontving ik van het College 
van Bestuur van de RU het dr. I.B.M. Frye-stipendium voor veelbelovende vrouwelijke 
onderzoekers. Naast mijn onderzoek begeleidde ik research- en doctoraalstudenten. 
Tevens verzorgde ik colleges en/of werkcolleges bij diverse cursussen van onze vak-
groep en was ik nauw betrokken bij het ontwikkelen van de colleges van de cursus 
‘Evolutie: van kosmos tot mens’ in het Honoursprogramma van de RU in 2003 en 
2004. Ik gaf gastcolleges aan de Universiteit van Utrecht en Leiden. Voor al deze on-
derwijsactiviteiten heb ik een aparte aanstelling van een half jaar aan de RU gehad. In 
december 2004 heb ik samen met Leon van den Berg een symposium georganiseerd 
over de toekomst van het heidebeheer in Nederland wat mede heeft geleid tot een 
themanummer van De Levende Natuur over het herstel van de Nederlandse heide. 
In December 2004 hield mijn aanstelling aan de RU op. Sinds 1 februari 2005 ben ik 
werkzaam als research fellow aan de University of Leeds (Engeland).
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